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ABSTRACT 


The  reactions  of  hydrogen  atoms,  generated  by  the 
3 

Hg  (  P-^)  photosensitization  of  ,  with  dimethyldisulf  ide , 
diethyldisulf ide ,  ethylmethyldisulf ide ,  bis (trif luoro- 
methyl) disulfide  and  diethylsulf ide ,  have  been  investigated 
in  detail.  With  the  exception  of  the  fluorinated  disulfide 
from  which  no  retrievable  products  could  be  detected, 
the  sole  primary  products  are  the  corresponding  thiols, 
formed  in  quantum  yields  ranging  from  2.1  to  2.32  at  room 
temperature.  From  the  effects  of  exposure  time,  substrate 
pressure,  light  intensity,  temperature  and  added  gases,  it 
is  concluded  that  the  sole  primary  reaction  is  attack  by 
the  H  stom  on  the  non-bonding  orbitals  of  sulfur,  e.g., 


4= 


^  RSH  +  RS 


For  the  H  +  CF^SSCF^  reaction  polymerization  is  the 
observable  reaction  but  experiments  carried  out  in  the 
presence  of  ethylene  conclusively  demonstrated  that  CF^S 
radicals  were  present.  It  is  believed  that  the  expected 
primary  product,  CF^SH,  reacts  with  the  substrate  CF^SSCF^ 
to  form  some  unidentified  product  (s). 


v 


. 
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Secondary  reactions  of  the  thiyl  radicals  generated 
in  the  primary  step  consist  of  combination  and  dispropor¬ 


tionation,  metathetical  displacement,  i.e.,  RS  +  RSSR'  -> 
RSSR  +  R'S,  and,  for  the  case  of  C-,HcS  radicals,  abstrac- 

Z  D 

tion  from  the  substrate:  C0HcS  +  C0HcSSC~H.-  ->  C-,HcSH  + 

ZD  ZD  ZD  ZD 

C2H^SSC2H^.  The  latter  reaction  is  relatively  efficient, 
the  estimated  activation  energy  being  only  3.6  kcal  mol  ^ . 

C2H^  radicals  were  shown  to  abstract  hydrogen  from 
C2H^SC2Hj-  and  the  relatively  low  activation  energy  for 
this  reaction,  ~6.9  kcal  mol  ^ ,  as  compared  to  abstraction 
from  alkanes,  points  to  a  low  methylenic  C-H  bond  strength 
in  this  molecule. 

The  H  +  CH2SSC2H,-  system  is  complex  owing 
to  the  occurrence  of  a  chain  sequence  involving  metathetical 
reactions  of  C2H5S  and  CH^S  radicals.  The  quantum  yields 
of  the  symmetrical  disulfides  thus  produced  are  initially 
very  high,  ~92,  and  decrease  with  increasing  exposure  time 
to  a  steady  state  value.  Computer  modeling  of  a  reaction 
sequence  consisting  of  fifteen  elementary  steps  adequately 
reproduces  the  experimentally  observed  trends. 

Rate  parameters  for  the  H  4-  CH^SSCH^/  C2H5SSC2H5 
and  CnH,SCnHr  reactions  were  determined  in  competition 

ZD  ZD 

with  the  H  +  C2H4  reaction  and,  for  the  H  +  CF^SSCF^ 

S 

case,  in  competition  with  the  H  +  /  \  reaction.  The 
activation  energies  are  all  low  ranging  from  0.1  to  4.5 
kcal  mol-^  in  this  sequence,  and  were  shown  to  be  directly 


vi 


. 


related  to  the  overall  exothermicities  of  the  primary 
reaction. 

On  this  basis,  the  activation  energy  for  the  H  + 

CH2SSC2H5  reaction  is  estimated  to  be  0.9  ^  Ea  ^  1.4  kcal 

-1  12  13 

mol  .  The  A  factors  are  in  the  10  -10  range  and  the 

experimental  entropies  of  activation  can  be  reproduced 

theoretically  on  the  basis  of  a  rigid  transition  state 

featuring  H  atom  attack  on  the  sulfur  3p  orbitals. 


vi  1 
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CHAPTER  I 


INTRODUCTION 

Knowledge  concerning  the  mechanism  of  the  reactions 

of  atoms  and  radicals  with  the  sulfur  moiety  of  alkyl 

disulfides  and  sulfides  has  many  practical  implications. 

For  example,  it  might  aid  in  interpreting  some  of  the 

complex  kinetic  behaviour  of  certain  biological  systems 

since  disulfide  and  sulfide  bridges  occur  frequently  in 

the  structures  of  many  proteins  and  enzymes;  these  are 

primarily  responsible  for  maintaining  the  tertiary  structure 

1  2 

of  many  proteins.  '  The  sulfur  atoms  in  these  compounds 

are  very  susceptible  to  radical  attack,  and  radiation 

damage  to  enzymes  and  other  protein  material  could  occur 

via  attack  on  the  disulfide  moiety.  Studies  on  hydrogen 

atom  reactions  with  disulfides  and  sulfides  are  also  of 

3-5 

particular  significance  to  the  petroleum  industry, 
where  hydrodesulfurization  constitutes  a  major  process 
in  the  upgrading  of  crudes.  In  particular,  the  sulfur 
content  of  Alberta  oil  sand  bitumens  is  unusually  high, 
of  the  order  of  ~5%,  and  this  creates  serious  problems 
in  catalyst  poi'  ing  and  removal  of  volatile  sulfur- 
containing  comp  nts  from  the  effluent  gases.  Another 
area  of  practical  importance  is  the  polymer  industry, 
where  disulfides  have  been  shown  to  be  effective  polymer¬ 
ization  initiator s . ^ ^ 


1 


. 

i 


2. 


Before  reviewing  recent  developments  in  atomic  and 
radical  reactions  with  disulfides  and  sulfides,  let  us 
turn  our  attention  to  the  physical  and  chemical  properties 
of  sulfides  and  disulfides. 

1 .  Physical  and  Chemical  Properties  of  Disulfides  and 

Sulfides 

(a)  Disulfides 

(i)  Molecular  Parameters  of  Disulfides 

The  S-S  bond  in  disulfides  is  appreciably  stronger 

(-67-74  kcal  mol  than  the  0-0  bond  in  peroxides  (~40- 

45  kcal  mol  and  this  accounts,  in  part,  for  the 

greater  relative  stability  of  disulfides,  RSSR,  compared 

to  ROOR  compounds.  The  covalent  radius  of  the  sulfur 

atom  is  also  appreciably  larger  than  that  of  the  oxygen 

8  ° 

or  carbon  atom;  the  bond  lengths  are,  C-C  1.53  A,  C-0 

O  O 

1.45  A,  and  C-S  1.82  A.  Similarly,  disulfide  bond  lengths 

(d(S-S)  -2. 0-2.1  A)  are  about  0.5-0. 6  A  greater  than 

those  of  C-0  or  C-C  bonds.  Hence  steric  accessibility  of 

the  S-S  moiety  to  reagent  attack  should  be  quite  favour- 

9 

able,  and  this  is  indeed  observed  experimentally. 
Furthermore,  sulfur  can  accommodate  more  than  eight 
outer  valence  electrons  via  valence  shell  expansion 
involving  d  orbitals;  however,  the  possible  consequences 
with  regard  to  the  reactivity  of  disulfides  is  not  well 


establ ished . 


3. 


Organic  disulfides,  RSSR,  have,  in  general,  a  geometry 
corresponding  to  that  of  CH^SSCH^.  It  has  been  shown 
by  electron  diffraction^^  and  microwave  spectroscopy^^  that 
CH^SSCH-^  has  the  structure  shown  below: 


S - S 


The  molecular  orbitals  filled  by  the  valence  electrons  in 

C-S-S-C  skeleton  are  constructed  mainly  from  the  atomic 

3 

orbitals,  S3S,  S3p  ,  S3p  ,  S3p  ,  and  sp  orbital  of  C  atom. 

x  y  z 

Various  MO  calculations  consistently  predict  the  two  highest 

occupied  molecular  orbitals  to  be  of  lone-pair  character 

formed  largely  by  out-of-plane  3p  atomic  orbitals  on  each 

12  15 

sulfur,  i.e.,  n  (p  type).  '  Due  to  the  appreciable  size 
of  these  orbitals  in  the  S-S  moiety,  the  pairs  of  the 
non-bonded  electrons  on  the  adjacent  atoms  are  considered 
to  repel  one  another  so  that  in  order  to  minimize  this 
repulsion,  the  CH^  groups  of  CH^SSCH^  assume  a  dihedral 

12 

angle  -90°.  The  molecular  parameters  found  for  CH^SSCIU 
are  as  follows:  d(S-S)  =  2.03  A,  d(C-S)  =  1.81  A,  d(C-H)  = 
1.10  A,  a(CSS)  =  103°,  and  t  (dihedral  angle)  =  84°.  In 
general,  alkyl  disulfides  have  d(S-S),  a  and  t  values 
which  are  dependent  on  the  nature  of  R.  The  barrier  to 


. 


■ 


the 


4  . 


rotation  around  the  S-S  bond  has  been  claimed  to  vary 
from  2.7  kcal  mol  ^  (H2S2)  to  14.2  kcal  mol  ^  (S2Cl2)/^ 
values  for  CH^SSCH^ . and  C2HC.SSC2H5  being  9.5  and  13.2 
kcal  mol  ^  respectively.^^ 


(ii)  Structural  Conformations  of  Disulfides 
Considerable  attention  has  been  devoted  recently  to 

the  structures  and  conformational  preferences  of  simple 

alkyl  disulfides .  CH^SSCH^  has  been  assumed  to 

exist  only  in  one  conformation,  the  gauche  conformer. 

However,  results  from  a  gas  phase  electron  diffraction 
15 

study  indicate  that  CH2SSC2HC-  exists  as  a  mixture  of 
at  least  two  conformations.  From  Raman  spectral  studies'^ 
on  CH2SSC2H1-  and  C2H^SSC2H^,  the  variation  in  the  positions 
and  intensities  of  the  fundamentals  in  the  spectra  of 
these  compounds  as  a  function  of  temperature  from  ~77  to 
320°K  are  claimed  to  be  consistent  with  the  presence  of 
three  rotational  isomers,  differing  in  their  conformations 
about  their  C-S  bonds.  In  C2H^SSC2H^,  the  gauche-gauche 
conformation  is  apparently  the  most  stable  of  the  three 
rotamers  in  the  gas  phase. 

(iii)  Spectral  Properties  of  Disulfides 

The  UV  spectra  of  most  aliphatic  disulfides  show  a 
rather  broad  maximum  at  ~250  nm  which  is  associated  with 
an  electronic  transition  from  the  non-bonding  n  orbital 
(P  type)  to  the  antibonding  a*  orbitals.  The  absorption 


_ 


5. 


maximum  was  shown  to  be  displaced  to  progressively  shorter 

wavelengths  in  the  series  (CH0)0So  (X  =  254.5  nm)  , 

o  z  z  max 

(C2H5 ) 2S2  (Amax  =  251,5  nm)  and  (i"C3H7)2S2  (Amax 
17 

245.0  nm) .  MO  calculations  on  various  disulfide-bond 

containing  molecules  have  shown  that,  in  general,  the 

further  the  dihedral  angle  from  90°,  the  more  red  shifted 

17 

the  lowest  energy  transition. 

1 8 

In  the  PE  spectra  of  organic  disulfides  a  splitting 
of  the  first  band  is  observed,  corresponding  to  ionization 
from  one  of  the  3p  orbitals.  These  two  molecular 

7T 

orbitals  thus  formed  are  always  the  highest  occupied 
orbitals  in  the  molecule.  Since  the  first  band  in  the 
spectrum  of  RSR  is  always  unsplit,  the  cause  of  the  split¬ 
ting  in  RSSR  species  has  been  attributed  to  p^-p^  inter¬ 
actions  whereby  the  3d  orbitals  of  the  sulfur  atom  give 

19 

rise  to  pd  bonds: 

IT 

R — S  —  S  —  R'  - ►  R — S=S  —  R'  -< - ►  R — S  =  S  —  R'  (1) 

(2  forms) 

(iv)  Reactions  of  Disulfides 

The  chemistry  of  disulfides  has  been  extensively 
2  0 

investigated,  with  the  mam  emphasis  on  redox  reactions, 
bimolecular  reactions  and  thermal  exchange  reactions. 


■rifcr 


6. 


Simple  disulfides  can  be  reduced  easily  and  completely 
21 

to  thiols.  Oxidation  of  disulfides  leads  ultimately  to 
sulfonic  acids,  and  several  of  the  intermediates,  namely, 
sulfenic  and  sulfinic  acids  or  thiosulf inates ,  thiosulfon- 
ates,  sulf inylsulfones  and  a-disulfones ,  frequently  can 
be  isolated. 22 

Homolytic  scission  of  disulfides  readily  takes  place 

in  thermolysis,  photolysis,  and  also  in  electrochemical 

23 

and  other  reactions  and  can  be  unimolecular ,  arising 
from  S-S  cleavage. 


RSSR 


A  or  hv 


►  2RS 


(2) 


or  bimolecular,  for  example  as  a  result  of  thiyl  radical 
attack : 


R'S  +  RSSR - ►  RSSR'  +  RS 


(3) 


The  resulting  chain  is  long  enough  that  this  system  has 

found  practical  application  in  the  synthesis  of 

24 

unsymmetrical  disulfides,  e.g.. 


RSSR  +  R'SSR' 


hv  or  A 

- JB_ 


2 RSSR ' 


(4) 


C-S  cleavage  is  relatively  unimportant  in  thermolysis  and 
photolysis . 2  ^ 

Disulfides  also  undergo  heterolytic  scission  of  the 

S-S  bond  in  the  presence  of  nucleophiles  or  electrophiles 

6  V 

and  these  reactions  are  now  fairly  well  understood.  ' 


■ 


7. 


Some  of  the  more  important  reactions  of  disulfides  are 
summarized  in  Table  I. 

(b)  Sulfides 

(i)  Molecular  Parameters  of  Sulfides 

C-S  bonds  (70-72  kcal  mol  are  weaker  than  C-0 
bonds  (79-80  kcal  mol  and  for  both  cases  the  bond 
strengths  are  little  affected  by  simple  alkyl  groups. 

C-S  and  C-0  bond  lengths  for  simple  alkyl  sulfides  and 

o  o 

ethers  are  generally  close  to  1.82  A  (C-S)  and  1.41  A 
2  6 

(C-O).  The  corresponding  bond  angles ,  Z_  C-S-C  and 
L  C-O-C,  are  around  105°  and  112°  respectively.  In 
general,  substitution  of  oxygen  by  sulfur  leads  to  much 
longer  bond  lengths  and  somewhat  smaller  bond  angles. 

(ii)  Spectral  Properties 

The  spectra  of  simple  dialkyl  sulfides  show  strong 

bands  in  the  region  200-215  nm  and  a  weak  continuum  having 

a  maximum  near  230  nm.  The  former  bands  are  thought  to 

be  due  to  a  o-o*  transition  in  the  C-S  bond  and  the 

latter  to  an  n  -a*  transition  involving  the  unshared 

P 

2  6 

electrons  of  sulfur.  MO  calculations  predict  that  the 
lowest  energy  transition  in  sulfides  should  be  largely 
4s  in  character  while  the  next  three  degenerate  transi- 

D 

tions  should  be  primarily  3dg.  The  calculated  transition 

energies  were  in  good  agreement  with  experimentally 

27 


observed  values. 
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(iii)  Structural  Conformations  of  Sulfides 

The  molecular  vibrations  of  alkyl  sulfides  have 

2  8 

been  extensively  studied.  CH-.SCH-,  has  a  C~  molecular 

3  3  2v 

symmetry  while  Scott  et  al .  postulated  three  possible 
conformations,  C2v(TT),  C^TG)  and  C2 (GG)  for  C2H5SC2H5. 
Only  two  conformers  however,  C2v  and  ,  appear  to  be 

stable  since  the  C2  conformation  was  not  observed  in 

,  28b 

the  spectrum. 

MO  calculations  on  organic  sulfides  suggest  that 
the  contribution  of  3d  orbitals  to  the  charge  distribution 
is  important,  but  that  to  the  stable  conformation  and 
rotational  barrier  is  very  small.  The  shape  and  energy 

of  the  lowest  unoccupied  molecular  orbital  are  particularly 

.  .  .  .  .  29 

sensitive  to  the  participation  of  3d  orbitals. 

(iv)  Reactions  of  Sulfides 

It  is  well  known  that  the  nucleophilicity  of  the 
lone  pairs  of  electrons  of  the  sulfur  atom  is  larger  than 
that  of  oxygen.  However,  the  basicity  of  the  sulfur  atom 
is  smaller  than  that  of  oxygen.  Consequently,  sulfur 
compounds  exhibit  chemical  properties  different  from 
those  of  their  oxygen  counterparts.  In  most  reactions 
involving  sulfides,  it  is  commonly  assumed  that  the  site 

of  attack  must  be  at  the  sulfur  atom.  There  are  several 

3  0  •  • 

reasons  for  this;  (1)  sulfur  is  more  electropositive 

and  polarizable  than  carbon;  (2)  the  electronegativity  of 


. 


the  sulfur  atom  is  much  less  than  that  of  oxygen;  and 

(3)  sulfur  can  utilise  its  3d  orbitals  in  chemical  bonding. 

Reactions  of  sulfides  may  be  divided  into  (1)  those 
taking  place  directly  on  the  sulfur  atom,  (2)  those  occur¬ 
ring  at  another  part  of  the  molecule,  and  (3)  those 
occurring  by  C-S  cleavage.  The  sulfur  atom  in  aliphatic 
sulfides  is  generally  stable  towards  nucleophilic  reagents 
but  an  electrophilic  reagent  promotes  C-S  cleavage,  for 
example, ^ 


Cleavage  of  the  C-S  bond  of  sulfides  is  also  known  to 
occur  in  thermal  and  photochemical  reactions. 


RSR 


A  or 


RS  +  R 


(6) 


and  the  free  radicals  thus  generated  react  with  the  sulfides 
exclusively  by  metathetical  radical  displacement. 

R'  +  RSR  - ►RSR*  +  R  (7) 


The  most  common  reactions  of  sulfides  are  summarized  in 
Table  I. 

Some  thermodynamic  properties  of  sulfides  and  disulfide 
are  summarized  in  Table  II,  along  with  those  of  other 
species  pertinent  to  this  study. 


. 
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TABLE  II 

Thermodynamic  Properties  of  Some  Organosulf  ar  Compounds  and 
Radicals 


Species 

AHf 

(kcal  mol 

Ref . 

Thermochemical 
bond  strength 

(kcal  mol 

Ref 

D  (S-S) 

HSSH 

65 

32c 

CH3SSCH3 

-5.71 

32a 

67 

32c 

C^Hc-SSCoH,- 

2  5  2  5 

-17.4 

32a 

69 

32c 

D  (S-H) 

ch3sh 

-5.46 

32a 

88 

32c 

c2h5sh 

-11.03 

32a 

88 . 5 

32c 

D  (C-S) 

CH3SCH3 

-8.98 

32a 

70 

32c 

C2H5SC2H5 

-19.77 

32a 

71 

32c 

CH3S 

30.5 

32a 

c2h5s 

26.0 

32a 

ch3 

30.5 

32b 

C2H5 

25.7 

32b 

H 

52.1 

32b 

' 

2.  Atomic  and  Radical  Reactions  with  Sulfides  and  Disulfides. 


(a)  H  Atom  Reactions  With  Sulfides 

For  kinetic  studies  in  the  gas  phase,  the  most 

commonly  employed  sources  of  hydrogen  atoms  are  microwave 

33  3 

discharge  of  H 2,  Hg  (  P^)  sensitized  decomposition  of 

34  3  5 

and  the  photolysis  of  H^S.  In  the  latter  case  H 

atoms  are  initially  produced  with  a  substantial  amount 

of  excess  kinetic  energy  and  consequently  high  pressures 

of  a  moderator  gas  are  required  for  thermalization .  A 

less  commonly  used  but  viable  source  of  H  atoms  is  the 

3  6 

photolysis  of  alkanethiols . 


With  COS37 

3  8 

and  thiirane 

efficient  desulfurization 

shown  to  take  place. 

H  +  COS  — 

— *-C0  +  IIS 

(8) 

H  +  C2H4S 

- C2H4  +  HS 

(9) 

and  the  corresponding  rate  constants,  derived  from 
competitive  experiments,  are 

k0  =  (9.1±1.2)xl012exp[  (-3900±370)/RT]cm3mol~1s_1 

O 

kn  =  (5.7±0.7)xl013exp [ (-1944±175)/RT]cm3mol”1s“1 

y 

On  the  basis  of  absolute  rate  theory  calculations  it  was 
concluded  that  the  initial  interaction  involves  the 
non-bonding  3p  orbital  of  the  S  atom,  e.g., 


. 


13. 


It  should  be  noted  that  the  analogous  hypothetical 

deoxygenation  reaction  with  oxirane  has  not  been  observed; 

instead,  hydrogen  atoms  react  with  oxirane  exclusively 

3  9 

by  hydrogen  abstraction, 


H  +  C2H40 - ►  H2  +  C2H30  (10) 

and  the  rate  constant  is 

k^Q  =  ( 3 . 8±  0 . 5)  xlO^exp  [  (-85001 200)  /RT]  cm^mol  ^s 

H  atoms  react  with  CH^SCH^  to  yield  CH^SH  and  CH^ 

4  0 

as  major  products.  From  the  effects  of  exposure  time, 
concentrations,  and  added  gases  it  was  concluded  that 
the  only  primary  reaction  of  importance  is: 

h  +  ch3sch3  - ►  ch3sh  +  ch3  (11) 

i.e.,  here  again,  attack  takes  place  exclusively  at  the 
sulfur  atom.  Relative  to  the  H  +  H2S  reaction,  the  rate 
parameters  for  step  (11)  were  found  to  be: 


. 


14. 


kll  =  (1.71±0.26)xl013exp[-(2612±88)/RT]cm3mol“1s  1 

It  was  also  shown  that  the  experimental  entropy  of  activa¬ 
tion,  -24.6  e.u.,  could  be  reproduced  theoretically  if  a 
symmetrical  transition  state. 


H 

I 

I 

I 

H3C - S - CH3 


featuring  H  atom  attack  on  sulfur  was  assumed.  Since 
the  source  of  H  atoms  in  this  study  was  the  photolysis 
of  H3S,  the  overall  mechanism  is  quite  complex  owing  to 
the  presence  of  HS  radicals,  e.g. ,  it  was  shown  that  HS 
engages  in  a  metathetical  reaction  with  the  substrate. 


HS  +  CH3SCH3  - ►  CH3SSH  +  CH3  (12) 

thereby  initiating  a  short  chain. 

With  thiolane,  it  is  believed  that  the  H  atom  adds 
to  sulfur  and  the  intermediate  fragments  via  C-S 
cleavage : ^  ^ 


The  resulting  radical  then  combines  with  an  H  atom  to  form 


1-butanethiol : 


- 


15. 


^  c4h9sh 


(14) 


This  system  is  in  complete  contrast  to  the  H  +  C^H^S 

reaction  where  sulfur  abstraction  is  the  only  observed 

4 1 

process;  the  reason  for  this  was  ascribed  to  differences 

in  the  stabilization  of  the  products. 

H  atoms  react  with  thiophene  to  yield  1,3-butadiene 

42 

and  elemental  sulfur  as  major  products.  Several 
minor  products  were  also  detected,  including  H2S  and 
C1-C4  compounds.  It  was  postulated  that  two  H  atoms  add 
to  the  ring  in  succession,  and  that  the  resulting  inter¬ 
mediate,  1 , 4 -dihydrothiophene ,  decomposes  to  yield  butadiene 
and  sulfur: 


H  + 


(15) 


II  + 


(16) 


CH2=CH-CH=CH2  +  Sulfur  (17) 


The  detection  of  H2S  as  one  of  the  minor  reaction  products 


-Lt. 


16. 


suggests  that  attack  could  have  also  occurred  at  the 
sulfur  atom  but  this  reaction  pathway  is  not  very  signifi¬ 
cant-  In  anycase,  the  overall  mechanism  is  very  complex 
and  much  more  information  would  be  needed  on  the  nature 
of  the  intermediates  before  the  various  pathways  can  be 
fully  elucidated. 

The  reaction  of  H  atoms  with  benzothiophene  was 

43 

studied  recently  by  Amano  et  al.  who  postulated  two 
primary  processes.  One  involves  H  atom  addition  to  the 
benzene  ring  and  produces  a  vibrationally  energized  species 
which  eventually  is  stabilized,  giving  rise  to  the  forma¬ 
tion  of  three  isomers  of  dihydrobenzothiophene . 


The  other,  more  important  pathway  is  addition  to  the 
thiophene  ring,  forming  either  the  l-thiaindan-2-yl (A) 

v 

or  l-thiaindan-3-yl (B)  radicals. 


A  B 


The  identification  of  phenylvinylsulf ide  as  a  product, 
together  with  the  absence  of  o-vinylbenzenethiol ,  indicates 
that  the  3-position  in  benzothiophene  is  the  preferred 
site  of  attack.  This  is  in  marked  contrast  with  the  case 


17. 


of  thiophene,  where  H  atoms  attack  the  2-position. 


(20) 


+  H 


3 

(b)  0(  P)  Atom  Reactions 

In  contrast  to  the  H  +  organosulfur  systems,  where 
the  absence  of  H  abstraction  from  the  substrate  had  to 
be  deduced  from  product  analysis  and  kinetic  considerations, 
the  occurrence  of  H  atom  abstraction  in  O  +  organosulfur 
systems  can  be  readily  recognized.  From  the  few  studies 
reported  to  date  however,  no  evidence  has  been  reported 
to  the  effect  that  abstraction  takes  place  and  the  results 
overwhelmingly  point  to  S  atom  attack. 

(i)  With  Sulfides 

In  gas  phase  kinetic  studies,  the  most  frequently 

3 

employed  sources  of  oxygen  (  P)  atoms  are  electrical  and 

4  4  4  5 

microwave  discharge  of  C>2  ,  '  photolysis  (X  >  130  nm) 

4  6  3 

of  C>2  /  and  the  Hg  (  P^)  sensitized  decomposition  of 


. 

■ 

. 


18  . 


n2°. 


47 


0  atoms  also  appear  to  attack  the  S  atom  of  CH^SCH^ 


and  the  major  products  are  CH^  and  CH3SO. 45,48  The 
excited  adduct,  postulated  to  be  dimethylsulf oxide , 
contains  about  85-88  kcal  mol  ^  excess  internal  energy. 


o  +  ch3sch3 


0 
II 

[CH  —  S— CH  ] 


*  * 


(22) 


This  energy  is  about  23  kcal  mol  ^  in  excess  of  that 
required  for  unimolecular  decomposition  via  S-CH3  bond 
cleavage  and  therefore  the  excited  adduct  decomposes 
rapidly  to  CH3  and  CH3SO: 


[CH. 


0 

II 

■S- 


•CH3] 


*  * 


CH3  +  CH3SO 


(23) 


The  minor  products  observed  in  this  system,  namely  CH3S 
and  CH30,  are  probably  formed  as  a  result  of  rearrangement 
of  the  excited  adduct  followed  by  fragmentation,  e.g., 


0 
II 

[ch3— s— cii3] 


0 — CH. 


*  * 


CH3 — s 


CH3S  +  CH30  (24) 


It  was  estimated  however  that  rearrangement  constitutes 
less  than  1%  of  the  decomposition.  The  rate  constant  for 
reaction  (22)  determined  by  the  flash  photolysis-resonance 
fluorescence  method,48  is: 


k22  =  (8. 6±0.4)xl012exp  [  (727±31)/RT]cm3mol  1s  1 


19. 


and  exhibited  a  negative  temperature  dependence.  Thus 

the  primary  process  in  the  0  +  CH^SCH^  system  is  completely 

analogous  to  that  of  the  H  +  CH^SCH^  reaction,  i.e.,  the 

attacking  site  is  the  S  atom  of  the  substrate.  This 

result  is  however  in  complete  contrast  to  the  0  +  CH-^OCH^ 

reaction  where  it  is  believed  that  the  initial  reaction 

4  9 

is  hydrogen  atom  abstraction, 

0  +  CH3OCH3 - ►  OH  +  CH2OCH3  (25) 

4  8  . 

With  thiirane  efficient  desulfurization  takes 
place , 

0  +  C2H4S  - ►  c2H4  +  SO;  (26) 

in  complete  analogy  with  the  H  and  S  atom  reactions 
(vide  infra)  with  this  substrate.  The  rate  constant  for 
reaction  (26) ,  determined  by  the  flash  photolysis-resonance 
fluorescence  method  is 

k^r  =  (8.1±0.5)xl012exp[-(35±40)/RT]cm3mol“1s“1 
2  6 

With  oxirane  H  atom  abstraction  is  the  only  observable 

.  •  50 

reaction 

0  +  C2H40 - -►OH  +  C2H30  (27) 

in  spite  of  the  fact  that  the  direct  formation  of  02  + 

C2H4  is  energetically  more  favourable. 


20. 


0  +  C2H40  - ►  02  +  C2H4  (28) 

Bond  energy-bond  order  calculations  predict  a  prohibitively 

high  activation  energy  for  step  (28),  perhaps  as  a  consequence 

of  the  somewhat  lower  exothermic ity  and  the  higher  value  of  the 
higher  value  of  the  excitation  energy  of  the  ^D2  state  of  the 
oxygen  than  sulfur  atom. 

(ii)  With  Disulfides 

The  gas  phase  reaction  of  oxygen  atoms  with  dimethyl- 

48 

disulfide  has  been  studied  recently.  Although  no  stable 

products  could  be  isolated,  competitive  experiments  in 

the  presence  of  CH^SH  showed  that  reaction  does  take  place, 

as  evidenced  in  the  drastically  reduced  yields  of  CH4, 

51 

CH^SO  and  CH^SOH  from  the  O  +  CH^SH  reaction.  By 
analogy  with  the  0  +  CH^SCH^  reaction  and  on  the  basis 
of  kinetic  considerations  it  was  proposed  that  0  atoms 
attack  the  S  atom  of  the  disulfide  forming  a  vibrationally 
excited  adduct, 

0 

"3  ll  * 

0(  P)  +  CH3SSCH3  - ►  [CH3  —  S  —  SCH31  (29) 

which  subsequently  decomposes  via  S-S  cleavage: 

O 

ll  * 

[CH3  — S  —  S  —  CH31 - ►  CH3SO  +  CH3S  (30) 

3 

(c)  Reactions  of  Ground  State  S(  P)  Atoms  with  Sulfides 

4  5 

S  atoms  have  been  shown  to  desulfurize  COS, 


S  +  COS 


s2  +  CO 


(31) 


21. 


^2i  ~  ^’2  x  1011  cm3  mol  1  s  1 ,  at  25°C 
52 

and  thiiranes  via  a  single  step,  concerted  process: 

/\ 

S  +  RC - CR' - ►  RC=CR '  +  S2  (32) 

The  absolute  rate  constants,  measured  by  the  flash 

52 

photolysis-kinetic  spectroscopic  technique,  at  25°C,  are: 

R  =  R '  =  H,  k  =  1.4  x  1013  cm3  mol  1  s  1 

R  =  CH3,  R '  =  H ,  k  =  2.7  x  1013  cm3  mol"1  s"1 

R  =  R'  =  CH3  k  =  4.0  x  1013  cm3  mol"1  s"1 

It  has  also  been  shown  that  E  =0  for  the  S  +  C~H,S 

a  2  4 

.  .  53 

reaction . 

To  date,  the  reactions  of  S  atoms  with  alkyl  sulfides 
and  disulfides  have  not  been  reported. 

(d)  Reactions  of  Alkyl  Radicals  with  Sulfides  and 
Disulfides 

Very  few  studies  concerning  radical  reactions  with 
organosulfur  molecules  have  been  reported  to  date. 

(i)  With  Sulfides 

With  COS,  desulfurization  by  CD3  radicals  takes 

,  54 

place , 

cd3  +  COS  - 


>-  CD3S  +  CO 


(33) 


22. 


and  the  rate  constant,  determined  in  competition  with  the 
2CH^  **■  reaction  is: 

k33  =  3.8  x  1011exp [- (11350) /RT]  cm3  mol"1  s"1 

Methyl  radicals  react  with  thiirane,  methylthiirane 

54  5  5 

and  cis- 1 , 2-dimethylthiirane  '  via  concerted 
desulfurization  and,  to  a  lesser  extent,  hydrogen 
abstraction : 


— »-CH0S  +  C0H„ 
3  2  4 

- ►  CH_ S  +  C0Hc 


- ^CH3S  +  ois-CA  Hg 

— *^ch4  +  c2h3s 

- ►  CH  „  +  C0HcS 

4  2  5 

— *^ch4  +  c2h?s 


(34) 

(35) 

(36) 

(37) 

(38) 

(39) 


The  corresponding  Arrhenius  parameters  derived  from  kinetic 

analysis  of  the  data  are  listed  in  Table  III.  Strausz 

54 

and  coworkers  suggested  that  the  initial  interaction 
involves  the  tt  orbital  of  the  CH3  radical  and  the  non¬ 
bonding  3p  orbital  of  the  S  atom: 


Arrhenius  Parameters  for  Some  Atom  Transfer  Reactions 
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These  results  are  in  marked  contrast  to  the  CH^  +  epoxide 
5  6 

systems,  where  hydrogen  abstraction  is  the  only  observ¬ 
able  process  in  spite  of  the  fact  that  the  enthalpy 
changes  for  deoxygenation  and  desulfurization  are  not 
different.  As  noted  above,  however,  BEBO  calculations55 
predict  a  prohibitively  high  activation  energy  for 
deoxygenation  by  atoms  and  radicals.  Moreover,  the  non¬ 
bonding  3p  orbital  of  S  is  more  nucleophilic  than  the 
corresponding  2p  orbital  of  0  and  sulfur  has  a  higher  aptitude 
for  valence  shell  expansion;  consequently,  the  activation 
energy  for  desulfurization  is  lowered. 

Methyl  radicals  produced  from  the  photolysis  of 

CH^SCH^  react  with  dimethyl sulf ide  to  yield  methane  via 

57 

hydrogen  abstraction: 

ch3  +  ch3sch3 - ch4  +  ch2sch3 


(40) 


' 


25. 


The  activation  energy  for  reaction  (40)  was  reported  by 

57a  -1 

Rao  and  Knight  to  be  9.30  ±  0.50  kcal  mol  and  the 

57h 

rate  constant,  determined  by  Arthur  and  Lee  ,  in 

competition  with  the  2CH0  -*•  C0H^  reaction,  is: 

6  Z  o 

k4Q  =  (4.17±0.84)xl011exp[-(9166±162)/RT]cm3mol"1s~1 

5  8 

Recently  Arthur  and  Yeo  reported  that  trifluoro- 
methyl  radicals  produced  by  the  photolysis  of  hexafluoro- 
acetone  also  react  with  CH^SCH^  via  hydrogen  abstraction: 

CF3  +  CH3SCH3  - -►  CF3H  +  CH2SCH3  (41) 

Surprisingly,  the  metathetical  CH3  group  displacement 
reaction , 

CF3  +  CH3SCH3  - ►CH3SCF3<+  CH3  (42) 

was  not  detected.  The  rate  constant  for  hydrogen  abstrac¬ 
tion  by  CF3  radicals  is: 

k^  =  (4 . 76±1 . 00)  xlO^exp  [- (  6432±107  )  /RT]  cmJmol  3s  ^ 

Comparing  the  reactivities  of  CH3  and  CF3  radicals  with 
regard  to  hydrogen  abstraction  from  CH3SCH3  it  is  seen 
that  at  room  temperature  the  rate  of  abstraction  by  CF3 
is  51  times  higher  than  that  by  CH3  and  this  difference 
is  entirely  due  to  the  lower  activation  energy  associated 
with  the  former  reaction;  this  is  in  keeping  with  the 
general  trend  observed  in  the  reactivities  of  CH3  and  CF3 


I . 


. 


26. 


radicals  with  other  compounds  such  as  CH^OCH^  and 

ch3coch3. 57 

(ii)  With  Disulfides 

The  photolysis  of  azomethane  (at  253.7  <<  A  <  315  nm) 

in  the  presence  of  dimethyldisulf ide  at  100°C  leads  to 

the  formation  of  CH^  and  CH3SCH3-  From  this,  together 

59 

with  kinetic  analysis  of  the  data,  Suama  and  Takezaki 
concluded  that  methyl  radicals  undergo  hydrogen  abstraction 
with  the  substrate  as  well  as  CH3S  group  displacement. 


CH3 

+  CH3SSCH3  - 

- CH3SCH3  +  CH3S 

(43) 

CH3 

+  CH3SSCH3  - 

• 

- CH4  +  CH2SSCH3 

(44) 

The  relative  rate  constant  ratio  for  reactions  (43)  and 
(44)  is  k^3/k^  =  3.4,  and  thus  sulfur  atom  attack  is 
again  preferred  over  hydrogen  abstraction. 

(e)  Reactions  of  phenyl  radicals  with  disulfides 

9  ci 

Pryor  and  Guard  studied  the  reactions  of  phenyl 
radicals,  generated  from  phenylazotr iphenylmethane ,  with 
aliphatic  disulfides  at  60°.  Phenyl  radicals  undergo 
reactions  analogous  to  those  of  alkyl  radicals,  i.e., 
hydrogen  abstraction  and  thiyl  radical  displacement, 

C6H5  +  RSSR  - *"C6H6  +  RSSR(-H)  (45) 

C,H,  +  RSSR 
6  5 


t-C<rHcSR  +  RS 
6  5 


(46) 


■ 


The  relative  importance  of  attack  on  the  S  atom  of  the 
disulfide  decreased  with  increasing  steric  hindrance  at 
the  sulfur  atom,  as  indicated  by  the  98%  yield  of 


27. 


C^H^SCH^  via  attack  on  CH^SSCH^  and  the  49%  yield  of 
sulfide  via  attack  on  (t-C^ Hg)2S2‘  They  proposed  that 
the  radical  reaction  involved  a  3-atom-in-a-line  Walden 
inversion  type  transition  state 


R 


The  relative  rate  constant  ratio  for  reactions  (47)  and 

(48) 


C6h5  +  CH3SSCH3 - C6H5SCH3  +  SCH3  (47) 

C6H5  +  C2H5SSC2H5 - ►  c6H5SC2H5  +  SC2H5  (48) 

is  k47/k48  =  1.78. 

(f)  Reactions  of  Hydroxyl  Radicals  with  Disulfides 
The  interaction  of  hydroxyl  radicals  with  simple 
aliphatic  disulfides  has  been  shown  to  lead  to  electron 

4-  47  60 

transfer , 


OH*  +  RSSR  - 


+ 

-►  RSSR*  +  OH 


(49) 


28. 


and  the  resulting  radical  cation  decays  by  a  diffusion- 
controlled  bimolecular  process: 


+ 

RSSR*  +  OH 


-►  [RSSR  (OH)*]  - ►  products 


(50) 


+ 


The  rate  constant  for  the  neutralization  of  RSSR*  by  OH 

is  controlled  to  a  certain  extent  by  the  effective  positive 

charge  density  at  the  sulfur  bridge.  Since  the  electron- 

donating  properties  of  the  substituents  increase  in  the 

series  CH^  <  C2H5  <  (CH^^CH  <  (CH^)^C,  the  net  positive 

charge  is  expected  to  be  highest  for  the  (CH^^^*  an<^ 

lov7est  for  the  (  (CH^ )  ^C)  ’  radical  ions,  and  therefore 

the  rate  constants  should  follow  that  order.  In  addition, 

structural  effects  are  considered  to  contribute  to  the 

observed  changes  in  the  rate  constant  for  bimolecular 

decay  since  steric  hindrance  also  increases,  parallel  to 

inductive  effects.  In  agreement  with  these  considerations 

the  lowest  value  for  the  rate  constant  is  found  for  the 

+ 

case  of  the  (t-Bu)2S2*  radical  ion.  The  observed  rate 
constants  are  as  follows: 

+  -  12  3  -1  -1 

CH^SSCH^  *  +  OH  k  =  1.8  x  10  cm  mol  s 

+  -  11  3  -1  -1 

C0H,SSC^H, *  +  OH  k  =  8.75  x  10  cm  mol  s 

2d  2d 

+  -  11  3  -1  -1 

(i-C^H-y )  2^2  *  +  0H  k  =  3.9  x  10  cm  mol  s 


+ 


(t-C.Hj  0S  *  +  OH 


4  9'  22 


- 


29. 


When  the  reactions  were  monitored  by  esr  spectroscopy 
new  transient  radical  intermediates  were  observed,  the 


signals  of  which 

were  assigned  to 

sulfinyl  (ArSO  or 

RSO) 

radicals . 

RSSR  +  OH' 

- ►  [RSSR (OH) ] 

- ►  RS=0  +  RSH 

(51) 

ArSSAr  +  OH' 

- ►  [ArSSAr (OH) ] 

. ►  ArS=0  +  ArSH 

(52) 

A  variety  of  these  species  have  been  detected  and 
characterized.  Further  support  for  the  assignment  comes 
from  the  finding  that  radicals  of  the  same  type  were 
detected  during  the  low  temperature  photolysis  of  aromatic 
sulfinyl  chlorides  in  diethyl  ether. ^ 

0 

ArSCl  — — - ►  ArS=  0  +  'Cl  (53) 

3 .  Thiyl  Radicals. 

(a)  Generation,  identification  and  physical  properties 

Thiyl  radicals  are  commonly  generated  from  the  direct 

or  mercury  sensitized  photolysis,  or  thermolysis,  of 

6  2 

thiols,  sulfides  and  disulfides.  In  the  solid  phase, 
they  are  readily  apparent  from  their  characteristic  blue 
and  red  colours,  and  several  reports  have  appeared  on 
their  spectral  characteristics.  Some  representative 
examples  are  listed  in  Table  IV. 
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The  thermal  stability  of  thiyl  radicals  is  relatively 

6  3  6  6 

high.  CH^S  and  C2H5S  decay  at  temperatures  where 

rotation  about  the  C-S  bond  in  the  lattice  is  still 
restricted.  Apparently  heavier  thiyl  radicals  are  able 
to  rotate  to  some  extent  before  decaying,  e.g.,  (t-butyl)S 
has  a  single  line  spectrum  at  ~130°K  and  decays  at 
temperatures  greater  than  150°K.  Radicals  adsorbed  on 
Vycor  glass  showed  higher  thermal  stability,  with  rapid 
decay  commencing  only  above  200°K.  The  observed  increased 
thermal  stability  of  the  adsorbed  radical  is  expected 
since  adsorption  decreases  the  mobility  of  the  radical.  It 
is  this  enhanced  stability  of  adsorbed  radicals  which 
accounts  for  the  characteristic  decay  rate  differences 
between  matrix  and  Vycor  glass  photolyses.  Adsorption 
seems  to  prevent  cage  recombination  of  the  geminate 
thiyl  radical  pair  in  disulfide  photolyses  and  thus 
increases  the  apparent  rate  of  photolysis.  In  the  photolysis 
of  mercaptans,  cage  recombination  is  unimportant  because 
of  the  ease  by  which  H  atoms  escape  the  cage. 

The  ESR  spectra  of  various  alkylthiyl  radicals  ,  ^  ^ 

CF^S,  cf)S,  (f^CS,  ’ Cl^Ct^CI^S *  ,  and  substituted  (J)S  have 
been  obtained  upon  irradiation  (A  <  220  nm)  of  either 
neat  solid  disulfide  matrices  or  of  disulfides  adsorbed 
on  Vycor  glass  at  77°K.  Simple  alkylthiyl  radicals  have 
three  g-values  (generally  referred  to  as  the  character¬ 
istic  "sulfur  pattern")  about  2.058,  2.025,  and  2.001. 


- 
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The  spectrum  of  CF^S  radicals  is  unusual  in  that  it 
exhibits  only  two  principal  g-values  (2.030  and  2.004), 
suggesting  that  the  radical  has  axial  symmetry.  Arylthiyl 
radicals  exhibit  esr  spectra  similar  to  those  of  alkyl- 
thiyl  radicals  and  only  differ  in  the  hyperfine  struc¬ 
ture;  however,  in  the  absence  of  a-hydrogens  which  will 
couple  with  the  electronic  spin,  three  distinct  aniso¬ 
tropic  g  values  are  obtained,  indicating  large  spin-orbit 
coupling . 

The  unpaired  spin  is  largely  localized  on  the  non¬ 
bonding  orbital  of  the  S  atom.  Para  or  electron-donating 
substituents  stabilize  ArS  (presumably  making  ArS  more 
like  the  stable  species  ArS  ,  in  contrast  to  the  effect 

of  electron  withdrawing  substituents  which  would  make 

+  6  6 

them  more  like  the  highly  reactive  species  RS  )  .  In 

solution  or  gas  phase,  alkylthiyl  radicals  clearly  exist 

as  neutral  free  radicals.  The  gas  phase  characteristic 

UV  absorption  band  for  CH^S  radicals  has  been  reported 

6  7 

by  Callear  et  al .  as  being  218.5  nm. 

(b)  Reactions  of  Thiyl  Radicals 

Similarly  to  alkyl  radicals,  thiyl  radicals  undergo 
disproportionation,  combination,  abstraction,  addition 
and  metathetical  reactions.  Surprisingly,  very  little 
kinetic  data  are  available  but  the  results  suggest  that 
thiyl  radicals  are  more  reactive  than  alkyl  radicals. 


' 
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( i)  Disproportionation-Combination 

Thiyl  radicals,  e.g.,  produced  in  the  photolysis  or 
thermolysis  of  thiols,  alkylsulf ides  and  disulfides 
disproportionate  and  combine  according  to  the  following 
equations : 


RS 

+  RS  — 

- ►  RSH  +  RS  (-H) 

(54) 

RS 

+  RS 

- ►RSSR 

(55) 

and  the  rate  constant  ratio  k,/k  can  be  calculated 

d  c 

from  the  relative  yields  of  thiol  and  disulfides.  For 

the  cases  of  CH^S  and  C2H^S  values  of  k^/kc  <_  0.05  and 

0.13,  respectively,  have  been  derived  from  the  photolysis 
57a 

of  CH^SCH^  and  Hg  photosensitized  decomposition  of 
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C2H5SC2H1-.  The  small  values  are  another  example  in 
the  growing  body  of  evidence  indicating  that  organosulfur 
compounds  do  not  readily  undergo  transformations  in  which 
C-S  bonds  are  converted  to  C=S,  unlike  the  well  established 
tendency  of  their  oxygen  analogs.  This  is  a  consequence 
of  the  relative  exothermicities  of  the  two  processes. 

The  generally  smaller  exothermicity  of  the  C-S  C=S 
rearrangement  results  from  the  relatively  small  difference 
in  the  CS  single  and  double  bond  strengths. 

The  rate  constant  for  the  combination  of  methylthiyl 
radical  was  determined  in  rotating  sector  experiments 
to  be,  k  =  (2.5  ±  0.7)  x  1013  cm3  mol"1  s 


This 


. 
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value  is,  within  experimental  error,  equal  to  the 

13  3  -1 

combination  rate,  k  =  (2.43  ±  0.24)  x  10  cm  mol  s 

7  0 

reported  for  CH^  radicals. 


(ii)  Abstraction 


57  71 

CH^SH  is  a  major  product  of  the  gas  phase  photolysis  ' 

72 

(and  thermolysis  )  of  CH^SCH-,  and  CH^SSCH^,  indicating 
that  hydrogen  abstraction  takes  place: 


ch3s  +  ch3sch 


►  ch3sh  +  ch2sch3 


(56) 


CH3S  +  CH3SSCH3 


J-CH3SH  +  CH2SSCH3 


(57) 


The  measured  activation  energies  for  reactions  (56)  and 


(57)  are  5.4  kcal  mol  ^  and  5.1  kcal  mol 


From  competitive  experiments  with  2-methylpentane , 


(58) 


the  activation  energy  for  step  (58)  was  estimated  to  be 

-7  ,  "1  57a 

7.5  kcal  mol 

Thus  two  conclusions  emerge: 

1.  Alkylthiyl  radicals  are  more  reactive  than  alkyl 
radicals  for  which  abstraction  reactions  from  alkanes 
commonly  feature  activation  energies  ranging  from  9 
to  12  kcal  mol  ^ . 

2.  Alkylthiyl  radicals  abstract  much  more  efficiently 
from  sulfides  and  disulfides  than  from  alkanes.  This 


- 

' 
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would  seem  to  suggest  that  the  adjacent  C-H  bond  in 
sulfides  and  disulfides  are  even  weaker  than  a  typical 
tertiary  C-H  bond  in  alkanes. 

(iii)  Addition 

The  addition  reactions  of  thiyl  radicals  to  alkenes 

r  q  t  ^ 

have  not  been  extensively  studied.  '  From  the 
photolysis  of  CH-^SH  (A  =  254-265  nm)  in  the  presence  of 
ethylene,  the  rate  constant  for 


CH3S  +  C2H4  - ►  CH3SC2H4  (59) 

o  3  ' _p  _p  59 

was  determined  to  be  4.8  x  10  cm  mol  s  .  The 
relative  inefficiency  of  this  reaction  was  also  clearly 
demonstrated  by  Rao  and  Knight  who  showed  that  CH3S  and 
C2H3S  radicals  produced  in  the  photolysis  of  a  mixture 
of  3  Torr  dimethyldisulf ide  and  3  Torr  diethyldisulf ide 
could  not  be  scavenged  by  500  Torr  C2H4- 

Comparison  with  methyl  radical  addition  to  ethylene 
however 


ch3  +  C2H4 


*  CH3C2H4 


(60) 


53  -1  -1  74 

for  which  k,n  =  7.4  x  10  cm  mol  s  again  shows 

6  U 

that  CH3S  is  a  better  electrophile  than  CH3 . 

Walling  and  coworker s7 have  shown  that  for  the 
particular  case  of  CH3S  +  cts-2-butene  reaction  (59)  is 


reversible.  Thus  substantial  amounts  of  tvans - 2-butene 


were  detected,  indicating  that  rotation  takes  place  in 
the  adduct: 


H  SCH3  H 

ch3  ch3 


/ 

/ 


H 


(61) 


Decomposition  of  the  adduct  into  CH^S  and  2-butene  was 

very  fast  compared  to  hydrogen  abstraction  from  CH^SH, 

by  a  factor  of  80  for  the  trans- 2-butene  adduct  and  20 

for  the  cis- butene  adduct  at  60°C. 

In  experiments  involving  the  addition  of  substituted 

phenylthiyl  radicals  to  substituted  a-methylstyrene , 

7  3 1) 

Geers  et  at.  suggested  that  the  addition  reactions  in 

such  systems  might,  in  general,  be  controlled  by  ground 
state  and  transition  state  electronic  effects: 


X  =  p -CH^O  or  p-CH3  or  H  or  p-Cl  or  *--CF3  or  p-NO 
Y  =  p-CH30  or  p-CH3  or  H  or  p-Cl  or  m-CF^  or  p-NO 


The  ground  state  effects  arise  from  (i)  the  presence 
of  a  strong  electron -withdrawing  group  in  the  aromatic 


. 
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portion  of  the  alkene  which  tends  to  minimize  the  electron 
density  at  the  reactive  double  bond,  and  (ii)  the  electro¬ 
philic  character  of  the  phenylthiyl  radicals. 

The  transition  state  electronic  effect  comes  from 
the  fact  that  particular  alkenes  are  able  to  assume  a 
charge  separated  canonical  structure  I.  Such  a  contributing 
form  is  most  compatible  when  the  anionic  portion  of  the 
system  is  also  electronically  stabilized. 

(iv)  Metathetical  Reactions 

Metathetical  reactions  of  thiyl  radicals  are  of 

general  occurrence  in  the  photolysis  and  thermolysis  of 

disulfides.  To  give  one  example,  co-photolysis  of 

7  5 

CH^SSCH^  and  C2H^SSC2H^  led  to  the  formation  of  large 

amounts  of  CH3SSC2H5,  far  exceeding  the  amount  expected 

on  the  basis  of  CH-.S  +  C0HcS  combination: 

3  2D 


CH3S  +  C2H5SSC2H5  — 

- ►  C0Hr-SSCH0  + 

2d  3 

SC2H5 

(62) 

C2H5S  +  CH3SSCH3  - 

- C-Hj-SSCIk  + 

2d  3 

SCH3 

(63) 

The  chain  thus  initiated  is  sufficiently  long  that  this 
system  is  frequently  used  for  the  synthesis  of  asymmetrical 
disulfides.  Unfortunately,  no  rate  constants  have  been 
reported  for  these  reactions.  Recently  however  it  was 
shown  that  HS  radicals  undergo  an  analogous  metathetical 
reaction  with  CH^SCH^: 
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HS  +  CH3SCH3  - ►  CH3SSH  +  CH3  (64) 

and  the  rate  parameters  were  estimated  to  be  A  ~  109-1010 
cm  mol  s  and  <  2.7  kcal  mol-1.40 

a 

Disproportionation  of  dialkyldisulf ides  is  found  to 
be  an  equilibrium  reaction  and  a  number  of  studies  have 
been  reported  by  Haraldson  et  al .  and  Olander  and 
Sunner.^'^  Haraldson  and  coworkers  irradiated  a  number 
of  pairs  of  symmetrical  disulfides  and  from  the  asymmetrical 
disulfide  yield 

R1SSR1  +  R2SSR2  ^  2R1SSR2  (65) 

b 


obtained  the  equilibrium  constant, 


K65  k65a/k65b 


(66) 


at  25°C  and  60°C.  The  statistically  expected  value  for 
Kg3  is  4;  experimentally,  it  was  found  to  be  -5.5  for  groups 
such  as  CH3,  C3H3,  and  i-C3 and  was  also  temperature 
independent,  i.e.,  AH^3  =  0.  However,  =  24  for  the 

mixture  (C2H<-S)  2~  (t-C^H^S)  2  t  thus  favoring  C^H^SS t-C^H ^  . 

This  result  was  attributed  to  the  presence  of  rigid 
conformations  in  the  t-butyldisulf ide  molecule. 


4 .  Transition  State  Theory  for  Bimolecular  Reactions. 

Transition  state  theory  formulates  the  rate  of  any 
reaction  in  terms  of  a  "transition"  state  -  a  molecular 
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complex  having  the  proper  configuration  in  space  and  a 
minimum  energy  for  the  reaction  to  occur  -  situated  on 
top  of  the  potential  energy  barrier  along  the  reaction 
path.  The  nature  of  this  potential  energy  barrier  can 
be  calculated  as  a  function  of  the  relative  positions 
of  the  different  nuclei  or  as  a  function  of  different 
atom  positions.  Collision  theory  relates  the  minimum 
energy  necessary  for  the  reactants  to  reach  the  top  of 
the  energy  barrier  and  attain  the  configuration  of  the 
transition  state  -  or  the  activated  complex  -  to  the 
energy  of  activation. 

Transition  state  theory  further  assumes  an 

equilibrium  between  reactants,  e.g.,  A  and  B  and  the 

t  ...  41 

activated  complex  AB  .  The  equilibrium  constant  K  is 

X 

then 


t  _  [AB^] 

[A]  [B] 


(67) 


The  bimolecular  rate  constant  k  ,  which  is  the  rate  of 

AB 

passage  of  the  complex  over  the  potential  energy  barrier, 
can  then  be  expressed  as 


(Ml) 
^  h  } 


(68) 


where  k  is  the  Boltzmann  constant,  T  the  temperature 
and  h,  Planck's  constant.  Now  since 

-RTlnK^  =  AIJt  -  TAS"1"  (69) 


' 


- 
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equation  (69)  can  be  expressed  as 


kT  AStfi/R  -&f4/RT 

IT  e  e 


From  the  Arrhenius  form  of  the  rate  constant. 


k 


*  -E/RT 
A  e 


(70) 


(71) 


it  is  seen  that 


A 


,ekT,  ASAB/R  and  E 
(~h-)e 


AH 


t- 

AB 


+  RT 


(72) 


For  ground  state  molecules  the  standard  entropies 
are  either  known  or  can  be  calculated  from  statistical 
mechanics  with  fairly  good  precision.  Another,  more 

rapid  and  nearly  as  accurate  a  method,  developed  by 

77 

Benson,  is  an  empirical  one  based  on  additivities  of 
molecular  properties  with  the  assumption  that  the 
activated  complex  is  a  rigid  molecule.  In  this  way, 
lower  limits  of  AS  are  estimated.  The  latter  method  is 
extremely  useful  in  that  it  can  be  applied  for  the 
calculation  of  the  entropies  of  activated  complexes. 

In  such  calculations  the  translational,  rotational, 
symmetry  and  spin  contributions  to  the  entropy  can  be 
readily  evaluated;  the  vibrational  contributions  are 
less  straightforward  and  the  usual  method  is  to  adjust 
the  normal  frequencies  on  the  basis  of  those  of  analogous 
compounds.  For  reactions  involving  a  light  atom,  such 


. 
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as  H  or  D,  with  a  large  polyatomic  molecule,  the  transi¬ 
tion  state  complex  has  approximately  the  same  intrinsic 
entropy  as  the  substrate  and  hence, 

AS+  =  (S° (Substrate) +1. 4) - (S° (Substrate) +S° (H) )  (73) 

where  1.4  is  the  spin  correction.  Symmetry  corrections 
may  also  be  necessary. 

In  this  way,  preexponential  factors  for  reactions 
for  which  experimental  data  are  not  available  can  be 
calculated,  usually  with  a  fair  degree  of  precision. 

Of  perhaps  more  significance  however  is  that  valuable 
information  can  be  brought  to  light  on  the  activated 
complex. 

5 .  Computer  Modeling  of  Chemical  Reactions. 

With  the  general  availability  of  high  performance 
digital  computers,  computer  modeling  of  complex  chemical 
reactions  has  become  a  powerful  method  in  gas  phase 
reaction  kinetics  for  the  interpretation  of  experimental 
data  in  terms  of  a  detailed  mechanism  and  the  correspond¬ 
ing  rate  constants. 

Computer  modeling  of  chemical  reactions  consists  of 

the  construction  of  a  model  mechanism  and  the  subsequent 

numerical  integration  of  its  representative  set  of  coupled 

7  8 

simultaneous  ordinary  differential  equations.  The 
single  independent  variable  is  time,  the  dependent 
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variables  are  the  concentrations  of  all  chemical  species 
that  change  during  the  course  of  the  reaction. 

The  model  mechanism  consists  of  a  sequence  of  elementary 
reactions  and  a  set  of  the  corresponding  rate  constants. 

It  is  varied  (some  elementary  reactions  are  deleted  or 
new  ones  are  added,  the  values  of  unknown  or  uncertain 
rate  constants  are  adjusted)  until  satisfactory  agreement 
between  the  observed  and  calculated  time  dependence  of  the 
concentrations  is  achieved. 

In  chemical  kinetics  the  rate  equations  can  be 
directly  deduced  from  the  mechanism  and  they  provide 
explicit  algebraic  expressions  for  the  time  derivatives 
of  all  species  concentrations,  as  shown  in  the  following 


simple  example 

A  +  A  - ►  C, 

(74) 

A  - ►  B, 

(75) 

dt  2k74  [A]  k7 5  [A]  , 

(76) 

^  -  k  fAl 

dt  75LAJ' 

(77) 

and  d[C]  _  ,  fAl  2 

dt  / 4  A  * 

(78) 

Complex  reaction  mechanisms  usually  consist  of 
numerous  elementary  reactions  having  a  wide  range  in 
rates,  especially  when  transient  intermediates  at  very 
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low  concentrations  are  created  and  consumed  rapidly. 

This  characteristic  results  in  a  so-called  "stiff"  set 
of  differential  equations,  the  solution  of  which  require 
extremely  short  integration  steps  and  hence  very  long 
computation  times  using  conventional  methods. 

For  the  numerical  integration,  usually  an  algorithm 

7  9 

developed  by  C.W.  Gear,  or  one  based  on  its  subsequent 
development,  is  used.  The  program  applies  a  multistep, 
predictor-corrector  method,  and  successfully  overcomes 
the  difficulty  presented  by  the  "stiffness"  of  the 
differential  equations.  It  also  continuously  adjusts 
the  time  increments  in  order  to  reduce  the  computational 
times . 

Computer  modeling  of  complex  chemical  reactions  has 
been  found  to  be  a  very  useful  method,  both  for  testing 
of  the  compatibility  of  a  suggested  mechanism  with  the 
experimental  data,  and  for  the  derivation  of  values  for 
unknown  rate  constants  of  elementary  reactions.  In  more 
recent  years  it  has  become  a  powerful  method  for  the 

simulation  of  the  ongoing  chemistry  of  polluted  atmos- 

,  80 
pheres . 

6 .  Aim  of  the  Present  Investigation. 

As  seen  from  the  above  discussion  the  results 
available  to  date  strongly  suggest  that  atom  and  radical 
attack  on  alkylsulf ides  and  disulfides  takes  place 
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mainly,  in  some  cases  exclusively,  at  the  nonbonding  3p 
orbital  of  sulfur.  Kinetic  data  however  are  sparce  and, 
for  the  particular  case  of  H  atoms,  have  only  been 
determined  for  the  H  +  COS,  C^H^S,  and  CH^SCH^  systems. 

The  reactions  of  H  atoms  with  disulfides  have  not  been 
investigated  at  all. 

It  was  therefore  decided  to  initiate  a  kinetic- 
mechanistic  study  of  the  gas  phase  reactions  of  H  atoms 
with  low  molecular  weight  disulfides  with  the  aim  of 
elucidating  the  nature  of  the  primary  processes  and  to 
establish  the  overall  mechanism  by  means  of  product 
analysis,  together  with  the  effects  of  exposure  time, 
concentration  and  temperature  on  the  product  quantum 
yields.  Next,  rate  coefficients  for  the  primary  reaction 
would  be  established  in  competition  with  the  H  + 
reaction,  for  which  the  rate  parameters  are  well  known. 

From  the  measured  activation  energies  and  preexponential 
factors,  it  was  anticipated  that  some  correlation  with 
the  exothermicit ies  of  the  reactions  could  be  established, 
and,  more  importantly,  that  knowledge  concerning  the 
nature  of  the  activated  complex  could  be  deduced.  As  a 
corollary  to  these  studies,  some  aspects  of  the  chemical 
reactivity  of  simple  alkylthiyl  radicals  can  be  brought 
to  light. 
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The  following  disulfides  were  selected  for  study: 

(a)  dimethyldisulf ide ,  the  simplest  in  the  series.  It 
was  anticipated  that  the  overall  mechanism  would  be 
relatively  uncomplicated  since  few  radicals  can  be 
produced,  and  hence  kinetic-mechanistic  interpreta¬ 
tion  of  the  results  would  be  fairly  straightforward; 

(b)  diethyldisulf ide ,  in  order  to  see  whether  increasing 
alkyl  substitution  would  have  any  effect  on  the  nature 
of  the  primary  process; 

(c)  ethylmethyldisulf ide ,  where  the  possibility  of 
competing  primary  processes  can  be  investigated; 

(d)  bis (trif luoromethyl) disulfide  ,  to  study  the  possible 
effects  of  strongly  electron-withdrawing  substituents 
on  the  nature  and  rate  of  the  primary  reaction. 

Finally,  the  H  +  diethylsulf ide  reaction  was  investigated 
in  order  to  determine  whether  the  metathetical  alkyl 
displacement  reaction  previously  established  for  the  H  + 
dimethylsulf ide  reaction  is  common  to  alkylsulf ides . 


* 
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CHAPTER  II 


EXPERIMENTAL 

1 .  High  Vacuum  System. 

A  conventional  high  vacuum  system  (Figure  1) ,  consisting 
of  pumps,  two  distillation  units  (one  for  purification  of 
substrates,  the  other  for  separation  of  products),  a 
photolytic  assembly,  gas  storage  bulbs,  Toepler  pump-gas 
buret  and  metering  units,  has  been  used  throughout.  The 

__  g 

system  was  pumped  down  to  10  Torr  by  means  of  a  two  stage 
mercury  diffusion  pump  backed  by  a  Welch  Duoseal  mechanical 
pump.  Delmar  float  and  Helium  tested  Hoke  valves,  and 
Delmar  Teflon  plug  stopcocks  were  used  throughout  the 
system  in  order  to  minimize  loss  of  the  sulfur-containing 
products  during  gas  transfers.  Absolute  pressures  were 
measured  with  either  a  Mcleod  gauge,  a  constant  volume 
mercury  manometer,  a  Barocel  electronic  manometer,  Model 
1174  Type  570A-10T,  or  an  MRS  Baratron  pressure  meter, 
serial  19854,  Type  170M-6B,  associated  with  a  high  tempera¬ 
ture  pressure  head  having  a  100  torr  pressure  range, 
serial  19853,  Type  315BHS-100.  Pirani  tubes  (Consolidated 
Vacuum  Corporation  Catalogue  No.  GP-001),  conveniently 
located  in  the  system,  were  used  to  monitor  gas  transfers. 

The  Mcleod  gauge  was  used  to  calibrate  the  Pirani  Vacuum 
gauges  (Type  G-140C).  The  distillation  trains  consisted 
of  several  U-  and  multi-coil  traps,  and  a  solid  nitrogen 
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FIGURE  1.  The  high  vacuum  system. 


trap  interconnected  by  mercury  float  and  Hoke  valves. 
Samples  were  introduced  to  the  attached  gas  chromatograph 
from  the  Toepler  pump  and  gas  buret  into  the  trapping 
assembly.  The  latter  was  used  in  conjunction  with  the  ga 
chromatograph  for  preparative  purification  or  product 
separation . 

2 .  Photolytic  Assembly. 

The  photolytic  assembly,  illustrated  in  Figure  2, 

was  specially  designed  for  the  study  of  H  atom  reactions 

with  low  vapor  pressure  disulfides.  The  cylindrical 

3 

quartz  reaction  cell  (5  x  10  cm) ,  of  volume  200  cm  , 
including  the  cold  finger  and  the  dead  space  between  the 
cell  and  the  shutoff  valve,  was  enclosed  in  an  aluminum 
block  furnace  insulated  by  a  2  cm  thickness  of  glass  wool 
and  equipped  with  iron-constantan  thermocouples  connected 
to  a  readout  dial.  The  furnace  faces  had  aluminum 
brackets  in  which  quartz  filters  could  be  inserted.  The 
furnace  was  heated  electrically  to  temperatures  in  the 
range  25-199°C,  by  two  10  cm  pencil  heaters  placed  in 
axial  holes,  each  located  at  the  furnace  face,  in  the 
two  halves  of  the  aluminum  block  furnace.  Temperatures 
(±1°C)  were  monitored  by  standard  iron-constantan  thermo¬ 
couples  and  a  thermometer  placed  in  an  axial  hole  located 
at  the  face  of  the  block  furnace. 

The  whole  assembly,  consisting  of  a  U-trap,  a 
storage  bulb,  Hoke  valves,  a  calibrated  volume,  and  the 
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Box 


FIGURE  2.  The  photolytic  assembly. 
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cell  enclosed  in  an  aluminum  block  furnace,  was  in  a 
thermostated  box  (100  x  70  x  50  cm) ,  constructed  of 
asbestos,  15  mm  thick.  The  box  was  heated  electrically 
to  constant  temperatures  in  the  range  25-65°C,  by  a 
spiral  heater  located  at  the  bottom  of  the  box.  The  thermo¬ 
stated  housing  served  to  maintain  the  substrate  in  the 
gaseous  state  during  transfer  to  the  reaction  cell,  and 
was  also  found  to  lead  to  more  quantitative  product 
transfer  from  the  reaction  cell  to  the  analytical  system. 
To  ensure  uniform  temperature  (±1°C)  inside  the  box  the 
air  was  circulated  by  a  fan,  driven  by  an  induction  motor. 

3.  Light  Sources  and  Actinometry. 

For  the  H  atom  reactions,  the  light  source  was  a 
Hanovia  low  pressure  Hg  resonance  lamp  equipped  with  a 
253.7  nm  Baird  Atomic  interference  filter. 

For  photolytic  synthetic  purposes,  a  Hanovia  medium 
pressure  Hg  lamp,  Model  30620,  was  used  without  a  filter. 
This  lamp  and  the  photolytic  assembly  for  the  preparative 
purposes  are  located  at  the  top  section  of  Figure  1. 

The  light  intensity  of  the  low  pressure  Hg  resonance 

8 1 

lamp  was  determined  by  propane  actinometry.  Under 
conditions  of  low  lamp  intensities  the  only  elementary 
processes  of  importance  are  the  following: 

Hg^P^ 


Hg  +  hv 


(a) 


II 
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Hg(3P1)  +  C3H8  - 

- ► H  +  C3H7  +  Hg (1SQ) 

(b) 

H  +  C3Hg  - 

- +  C3H7(n-  and  iso-) 

(c) 

2C3H7 

C3H8  +  C3H6 

(d) 

- C6H14 

(e) 

H  +  C0Hc  - 

3  0 

C3H7 

(f) 

O 

Back  has  shown  that  <f>  ( H2 )  >  the  quantum  yield  of  hydrogen 
production,  decreases  with  irradiation  time  until  the 
concentration  of  reaches  a  steady  state,  after  which 

cf>  ( H2 )  =  0.581  at  27°C  and  remains  constant.  In  the 
present  experiments,  about  600  torr  propane  was  irradiated 
repeatedly  until  the  rate  of  hydrogen  production  became 
constant  and  this  value  was  used  to  calculate  the  lamp 
intensity.  The  lamp  intensity  was  kept  as  low  as  possible, 
of  the  order  of  0.014  yeinstein  min  ^ ,  in  order  to  minimize 
radical-radical  reactions  and  to  ensure  a  low  concentra¬ 
tion  of  H  atoms. 

4 .  Materials . 

All  materials  used  in  this  study  were  of  research 
grade  and  were  routinely  purified  by  distillation  in 
vacuo .  Table  V  lists  the  sources  and  methods  of  purifi¬ 
cation  of  the  various  compounds  used.  The  purities  of 
all  the  distillates  collected  were  further  checked  by  gc. 


- 
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Sources  of  Materials  Used  and  Purification  Procedures 
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Ethylmethyldisulf ide  was  prepared  from  the  photolysis 

of  equimolar  amounts  of  dimethyldisulf ide  and  diethyl- 

disulfide.  It  was  purified  by  gc  using  a  4  ft  10% 

tricresylphosphate  on  Chromosorb  W  column  operated  at 

room  temperature  using  helium  as  carrier  gas  at  a  flow 

3  -1 

rate  of  110  cm  min  (retention  time,  41  min) .  The 
purified  disulfide  was  always  stored  in  vacuo  at  -196°C. 

5 .  The  Analytical  System. 

The  analytical  system  used,  illustrated  in  Figure  1, 
consisted  of  a  calibrated  gas  burette  connected  directly 
to  the  injection  loop  of  a  gas  chromatograph.  The 
detector  was  a  Gow-Mac  Model  TRIIB ,  which  was  powered  by 
a  Gow-Mac  power  supply  Model  9999-C  operated  at  110°C. 

The  unit  was  operated  at  200  mA,  and  the  results  were 
read  out  on  a  Sargent  recorder.  Model  S-72180,  operated 
at  a  chart  speed  of  one  inch  per  minute.  Helium,  dried 

O 

and  purified  by  passage  through  a  5  A  molecular  sieve 
column,  was  used  as  carrier  gas,  at  flow  rates  determined 
by  an  open-end  oil  manometer  which  was  calibrated  against 
a  soap  bubble  flowmeter.  The  types  of  gc  columns  used, 
the  operating  conditions  and  retention  times  of  the 
various  compounds  encountered  in  this  study  are  summarized 
in  Table  VI . 

The  gc  effluent  could  be  passed  through  a  series  of 
coiled  cold  traps  in  which  desired  compounds  could  be 
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Gas  Chromatograph  Retention  Data  and  Operating  Conditions 
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isolated  for  further  analysis  and  identification. 
Provisions  were  also  made  to  bypass  the  detector  for  the 
cases  of  unstable  compounds. 

Product  identification  was  made  initially  on  the 
basis  of  comparison  of  the  gc  retention  times  with  those 
of  authentic  samples  and  then  subsequently  confirmed  by 
mass  spectrometr ic  analysis.  The  detector  response  was 
calibrated  from  authentic  samples  and  checked  periodically 
for  reproducibility.  Peak  areas  were  measured  with  an 
Otto  planimeter. 

6 .  Operational  Procedure . 

The  reaction  cell  and  the  thermostated  box  were 
heated  overnight  to  the  desired  reaction  temperature 
and  65°C,  respectively.  The  lamp  was  allowed  to  equili¬ 
brate  at  least  30  minutes  prior  to  irradiation.  Control 
experiments  were  made  at  each  temperature  in  order  to 
check  whether  thermal  decomposition  of  the  substrate  was 
involved.  All  experiments  were  carried  out  in  the  gas 
phase. 

The  substrate  was  expanded  from  the  storage  bulb  to 
the  reaction  cell  and  then  the  Hoke  valves  A  and  B, 
shown  in  Figure  II,  were  shut  off.  Its  pressure  was 
measured  by  the  Barocel  electronic  manometer  and  then 
the  Hoke  valve  C  was  shut  off.  The  substrate  (<_  30  torr) 
was  condensed  in  the  cold  finger  of  the  photolytic  cell 
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by  using  liquid  nitrogen  contained  in  a  small  Dewar  flask 
introduced  into  the  thermostated  box  through  a  window. 
Excess  substrate  was  pumped  out  by  opening  the  Hoke  valve 
B  to  the  high  vacuum. 

Approximately  580  ±  10  torr  hydrogen  was  then 
admitted  into  the  reaction  cell.  The  hydrogen  pressure 
was  measured  with  a  mercury  manometer  and  then  the  Hoke 
valve  C  was  shut  off.  Excess  hydrogen  was  transfered  to 

O 

the  storage  section  by  condensing  it  in  a  5  A  molecular 
sieve  column  kept  at  -196°C,  then  expanding  it  into  two 
hydrogen  storage  bulbs. 

The  reaction  mixtures  were  equilibrated  for  30 
minutes  before  irradiation.  After  photolysis,  the 
hydrogen  was  pumped  out  very  slowly  through  a  series  of 
cold  traps,  five  at  -196°C  and  one  at  -210°C,  keeping 
the  pressure  reading  on  the  Barocel  electronic  manometer 
in  the  range  1-2  torr.  The  remaining  fraction,  consist¬ 
ing  of  substrate  and  products,  was  analyzed  by  gc  on  the 
10  ft  tr icresylphosphate  column. 

For  experiments  carried  out  in  the  presence  of 
ethylene  the  substrate  was  condensed  in  the  reaction  cell 
and  the  Hoke  valves  A  and  C  were  shut  off.  Ethylene 
was  admitted  into  a  calibrated  volume,  and  then  Hoke 
valve  B  was  shut  off.  The  ethylene  pressure  (<_  30  torr) 
was  measured  by  the  Barocel  electronic  manometer.  The 
Hoke  valve  C  was  then  opened  and  the  measured  amount  of 
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ethylene  was  condensed  into  the  cold  finger  of  the  photolytic 
cell.  The  remaining  procedures  were  similar  to  those 
described  above,  except  that  after  pumping  out  the 
hydrogen,  ethylene  was  distilled  from  the  reaction  mix¬ 
ture  at  -160°C  prior  to  analysis  of  the  remaining  fraction. 

In  the  experiments  with  diethylsulf ide ,  the  fraction 
volatile  at  -160°C,  consisting  of  ^2^4  an(3  ^2H6'  was 
analyzed  on  an  8  ft  porapak  N  column,  while  the  fraction 
volatile  at  -130°C  was  analyzed  on  a  10  ft  tricresyl- 
phosphate  column.  In  order  to  ascertain  whether  methane 
was  formed  in  the  reaction  the  hydrogen  fraction  was 

O 

condensed  on  a  3  A  molecular  sieve  column.  The  column 
was  then  heated  to  100°C  and  the  fraction  volatile  at 

O 

this  temperature  was  analyzed  on  a  10  ft  3  A  molecular 
sieve  column. 

It  was  found  that  24  hours  were  required  for  quan¬ 
titative  transfer  of  the  products  from  the  reaction  cell 
to  the  gc  injection  port. 


CHAPTER  III 


THE  REACTIONS  OF  HYDROGEN  ATOMS  WITH  DIMETHYLDI SULFIDE 

Results 

The  mercury  photosensitization  of  in  the  presence 
of  CH^SSCH^  led  to  the  formation  of  only  one  retrievable 
product,  CH^SH.  Polymer  formation  on  the  cell  window 
was  quite  extensive,  hence  actinometric  measurements  were 
performed  before  and  after  each  experiment  and  the  average 
value  was  taken  as  the  absorbed  light  intensity.  The 
extent  of  quenching  of  the  excited  mercury  atoms  by 
CH^SSCH^  or  C2H^  at  the  highest  concentrations  used  was 
estimated  to  be  less  than  5%;  see  appendix  A  for  the 
calculation.  Control  experiments  made  at  each  temperature 
indicated  that  CH^SSCH^  was  thermally  stable  in  the 
temperature  range  25-155°C. 

1 .  Effects  of  time,  CH^SSCH^  concentration  and  temperature 
on  (j)  (CH3SH)  . 

In  the  first  set  of  experiments,  the  quantum  yield 
of  CH^SH  was  determined  at  60°C  as  a  function  of  exposure 
time  at  a  constant  CH^SSCH^  pressure  of  10.06  Torr.  The 
results,  listed  in  Table  VII,  show  that  the  quantum  yield 
of  CH^SH  was  approximately  2.1  and  invariant  with  exposure 
time  up  to  60  minutes,  hence  CH^SH  must  be  formed  in  a 
primary  process. 
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Next,  (p  (CH^SH)  was  determined  as  a  function  of 
CH^SSCH^  pressure.  The  results  (Table  VIII)  show  that 
(CH^SH)  is  also  independent  of  CH^SSCH^  pressure  in  the 
range  2-20  Torr ,  indicating  that  scavenging  of  H  atoms 
by  CH^SSCH^  is  complete. 

The  results  in  Tables  VII  and  VIII  show  that 
4>  (CH^SH)  was  also  invariant  with  lamp  intensity  in  the  range 
0.011  -  0.016  yeinstein  min  ^ .  This  result  constitutes 
additional  evidence  to  the  effect  that  most,  if  not  all, 
of  the  CH^SH  is  formed  in  a  primary  process. 

The  effect  of  temperature  on  (p  (CH^SH)  for  a  mixture 
of  580  Torr  hydrogen  and  5  Torr  CH^SSCH^  was  examined 
over  the  range  25-120°C.  The  results,  listed  in  Table 
IX,  show  that  increasing  the  temperature  has  no  effect 
on  the  quantum  yield  of  CH^SH,  and  it  can  therefore  be 
concluded  that  side  reactions  such  as  thermolysis  and/or 
secondary  decomposition  of  CH^SH  do  not  take  place  within 
the  temperature  range  examined. 

2 .  Experiments  in  the  presence  of  ethylene. 

In  the  presence  of  several  additional  reaction 

products  were  formed,  three  of  which  were  identified  as 

n- C„H, CnH, ,  and  CH0SC~Hc;  polymer  formation  was 
410  26  325 

greatly  reduced.  Ethane,  which  was  identified  as  a 
product,  could  not  be  separated  from  the  large  amounts 
of  ethylene  and  was,  therefore,  not  determined 
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quantitatively.  Product  quantum  yields  for  a  mixture  of 
580  Torr  H2  and  5  Torr  CH^SSCH^  in  the  presence  of 
increasing  amounts  of  ethylene  at  five  different  tempera¬ 
tures  are  given  in  Table  X  where  it  is  seen  that  <f>  (CH3SH) 
decreases  with  increasing  pressure  of  ethylene,  owing  to 
the  competitive  scavenging  of  H  atoms  by  C2H 4, 

H  +  C0H  .  - ►C0Hc 

2  4  2  5 

Discussion 

At  the  relative  H2/CH'3SSCH3  and  H2/CH3SSCH3/C2H4 
concentrations  used  in  this  work  it  is  estimated  that 
>95%  of  the  excited  mercury  atoms  are  quenched  by  H2: 

Hg  +  hv  (253.7  nm)  - *>-  Hg6(3P^) 

Hg6(3P1)  +  H2  - - ^  HgH  +  H 

HgH  - ►  Hg  +  H 

oVpS 

Although  <f>  (HgH)  =  0.67  the  lifetime  of  HgH  is  so 

short  that  the  overall  kinetics  are  indistinguishable 

8  6 

from  those  of  H  atoms,  for  which  cf>  ( H )  =  2.0. 

Since  methanethiol  is  the  only  product  of  the  reaction, 
and  its  invariance  with  exposure  time  indicates  that  it 
is  a  primary  product,  the  following  simple  mechanism  would 


seem  to  apply: 


- 


. 
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TABLE  X 


Effect  of  ^2^4 


Pressure  and  Temperature  on  <j)  (CH-^SH) 


a 


P(C2H4) , 

torr 

[c2h4]/ 

[CH3SSCH3] 

<j>  (CH3SH) 

i/4>  (ch3sh) 

5.00 

1.00 

25°C 

1.86 

0.538 

7.50 

1.50 

1.75 

0.571 

10.0 

2.00 

1.65 

0.606 

15.0 

3. 00 

1.50 

0.667 

5.00 

1.00 

60°C 

1.76 

0.568 

10.00 

2 .00 

1.53 

0.654 

12 . 50 

2.50 

1.42 

0.704 

15.00 

3.00 

1.34 

0.746 

5.00 

1.00 

8  5°C 

1.72 

0.581 

7.50 

1.50 

1.55 

0.645 

10.0 

2.00 

1.43 

0.699 

12.5 

2.50 

1.33 

0.752 

15.0 

3.00 

1.24 

0.806 

5.00 

1.00 

12  0  °C 

1.63 

0.614 

10.0 

2.00 

1.33 

0.752 

12.5 

2.50 

1.21 

0.826 

15.0 

3.00 

1.12 

0.893 

5. 00 

1. 00 

155°C 

1.53 

0.654 

10.0 

2.00 

1.21 

0.826 

12.5 

2.50 

1.09 

0.917 

15.0 

3.00 

0. 980 

1.02 

aPhotolysis  time  =  45  min;  I  =  1.27x10  8  einstein  min 
P(H2)  =  580±1 0  Torr;  P(CH3SSCH3)  =  5.00  Torr. 


- 

- 

• 

H  +  CH3SSCH3 


(1) 


►CH3SH  +  CH3S 

2CH3S  - >-CH3SSCH3  (2a) 

- »-CH3SH  +  CH2S  (2b) 

From  this  mechanism  <f>  (CH0SH)  =  <J)(1)  +  4>  ( 2b)  =  2.1  and 

cf)(l)/2  =  <j)  (2a)  +  4>  (2b)  .  The  value  of  4>  (2b)/4>  (2a)  reported  by 

57a 

Rao  and  Knight  is  ~0.05  (Lossing  and  coworkers  1  value  of 
87 

0.4  is  probably  erroneous),  from  which  4>  ( 1 )  /2  =  <f)(2b)/0.05 
+  4>  ( 2b)  =  210  (2b)  .  Therefore, 

c()(l)  =  420  (2b)  ,  0  (2b)  =  2.1/43  ~  0.05 

and  0(1)  =  2.05  or,  within  experimental  error,  2.0.  This 

means  that  scavenging  of  H  atoms  by  dimethyldisulf ide  is 

complete  and  the  only  reaction  consuming  H  atoms  is 

reaction  (1)  .  Since  <j)  (CH3SH)  is  approximately  equal  to 

2.1  between  25  and  120°,  it  is  concluded  that  k01_/k~  is 

2b  2a 

temperature  independent  in  this  temperature  range,  i.e., 

E2k  is  zero  or  negligibly  small. 

The  absence  of  the  radical  combination  products 
such  as  CH3SCH2SSCH0  and  (CH2SSCH3)2  which  are  expected 
to  be  stable  under  the  conditions  employed,  is  evidence 
that  the  abstractive  route  to  H2  formation  does  not  occur: 

H  +  CH3SSCH3  - ►  H2  +  CH2SSCH3  (3) 

It  was  not  possible  to  ascertain  whether  H2  is  one  of  the 
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reaction  products,  however,  on  the  basis  of  the  exotherm- 
icities  of  reaction  (1)  (1  -21.4  kcal  mol  and  reaction 

(3)  (~  -8  kcal  mol  it  is  very  likely  that  the  latter 

will  be  relatively  slow  compared  to  the  former.  Reaction 
(3)  may,  however  become  important  at  higher  temperatures. 

On  the  same  basis,  the  occurrence  of  H  abstraction  by 

CH  S, 

CH3S  +  CH3SSCH3  - s-CH3SH  +  CH2SSCH3  (4) 

for  which  AH  ~  7  kcal  mol  ^ ,  does  not  appear  to  be 
important.  Moreover,  this  reaction  is  expected  to  feature 
a  substantial  activation  energy  whereas  4>  (CH3SH)  was 
observed  to  be  independent  of  temperature  up  to  120°C. 

The  following  metathetical  primary  processes  can 
also  be  discounted  since  CH^,  CH3SCH3  and  H^S  were 
demonstrably  absent: 


H  +  CH3SSCH3  — 

— ch3ssh  +  ch3 

(5) 

H  +  CH3SSCH3  — 

- >-  CH3SCH3  +  HS 

(6) 

The  detection  of  CH3SSH  as  a  product,  if  formed,  is  not 

4  0  8  8 

possible  because  CH3SSH  is  known  '  to  be  very  unstable 
and  decomposes  to  CH3SH  and  sulfur.  Finally,  the  overall 
stoichiometric  balance  indicates  that  the  following 
reactions , 


H  +  CH3SSCH3 


■t-  ch3ss  +  ch4 


(7) 


' 


,1 
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H  +  CH3S  * - ►CH3SH  (8) 

are  of  very  minor  importance. 

In  the  presence  of  ethylene  a  complete  hypothetical 
reaction  sequence  would  consist  of  steps  (1),  (2)  and  (9) -(18) 


H  +  C2 

H4  - ^C2H5 

(9) 

CH3S  + 

C2H4  - ^  CH3SC2H4 

(10) 

2CH3SC 

2H4  - - -*<CH3SC2H4)2 

(11a) 

- ►  CH0SCnHr  +  CH->SC0H0 

2  2  2  2  2  3 

(11b) 

C2H5  + 

CH_ SSCH-.  - ►  CH-j SC^Hr-  +  CH0S 

2  2  3  2  2  2 

(12) 

CH3SC? 

H4  +  CH3SSCH3  - - CH3SC2H4SCH3  + 

CH3S  (13) 

CH3SC2 

H4  +  CH3S  - ►CH3SC2H4SCH3 

(14a) 

- 5^CH3SH  +  CH3SC2H3 

(14b) 

- s^CH3SC2H5  +  CH2S 

(14c) 

CH3SC2 

h4  +  C2H5  - -^CH3SC4H9 

(15a) 

- - CH^SC^H,-  +  C0H  . 

2  2  2  2  4 

(15b) 

- -C2H6  +  CH3SC2H3 

(15c) 

CH3S  + 

C2H5  ‘  ^CH3SC2H5 

(16a) 

— — ►ch3sh  +  c2h4 

(16b) 

- ^c2h6  +  CH2S 

(16c) 

. 


(17b) 


**"  ^2^6  +  *^2^4 
CH^S 

CH3SC2H^  +  nC^H^  - - — **-  polymer  (18) 

The  metathetical  radical  displacement  reaction, 


c2h5  +  ch3ssch3 - ^  ch3sc2h5  +  ch3s 

probably  requires  a  considerable  activation  energy  hence 
it  was  assumed  to  be  unimportant  in  this  system.  Also, 
reactions  (10),  (11),  (12),  (13),  (14)  and  (15)  can  be 

discounted  since  CH3SCH2H3,  CH3SC2H^ SCH3 ,  CI^SC^H^,  and 
(CH3SC2H^)2  were  demonstrably  absent.  Finally,  step  (18) 
does  not  seem  to  be  important  since  polymer  formation 
was  greatly  suppressed  in  the  presence  of  C2H^.  Steady 
state  treatment  of  steps  (1),  (2),  (9),  (16)  and  (17) 

leads  to  the  following  rate  expression: 


(p  (CH3SH) 


-1 


2 (1+a) 


+ 


k9[C2H4] 


2  (1+a)  kj^tCHjSSCH-j) 


where  a  1  2k,.  .  •  ,  •  /2k  ,  .  .  of  the  CH0S 

disproportionation  combination  3 

radical  resulting  in  the  formation  of  CH3SH  and  in  the 
disappearance  of  CH3S  by  other  reactions,  respectively. 
Plots  of  equation  I,  illustrated  in  Figure  3,  are  indeed 
linear  at  the  five  temperatures  studied  and  feature  a 
common  intercept.  The  least  mean  square  slopes  and 
intercepts  are  summarized  in  Table  XI.  The  average  value 
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PC2H4 /PCH3SSCH3 

FIGURE  3.  cf>  (CH3SH)  1  versus  P  [C2H4  ] /P  [CH3SSCH3  ]  at  25, 

60,  85,  120  and  155°C.  P(H2)  =  580  ±  10  Torr; 

P(C2H4)  +  P(CH3SSCH3)  =  10-20  Torr;  photolysis 
time,  45  minutes. 


Slopes  and  Intercepts  of  the  Plots  in  Figure 
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of  a  is  0.059,  in  good  agreement  with  the  value  of  0.05 

57a 

reported  m  the  literature.  The  values  of  kQ/k, ,  also 

y  -L 

listed  in  Table  XI,  are  plotted  in  the  Arrhenius  form  in 
Figure  4,  from  which 

log(k9/k1)  =  (0.592  ±  0.039)  -  (2000  ±  64)/2.3RT 

Taking  the  limiting  high  pressure  rate  parameters  for 
8  9 

step  (9)  as 


kg  =  (2 . 2±0 . 4  )  xl0^3exp  [- (2066±83)  /RT]  cm3mol  ^s  ^  , 


those  for  step  (1)  are 


kx  =  (5.7±1.2)xl012exp[-(100±100)/RT]cm3mol  1s  1. 


The  experimental  entropy  of  activation,  AS 


exp 


-26.2  e.u.  for  the  standard  state  of  1  atm.,  suggests  a 
very  rigid  transition  state  for  the  H  +  CH^SSCH^  reaction 
If  one  assumes  an  activated  complex  of  the  type 
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l/T  x  IQ3  (°K)_1 


FIGURE  4.  Arrhenius  plot  of  k^/J^  versus  l/T. 


since  the  gas 


x  7  "7 

AS  can  be  calculated  by  Benson's  method 7 

phase  structural  parameters  of  CH^SSCH-^  have  been 
12  1 6 

reported.  '  The  standard  entropy  of  the  activated  complex, 
(H-CH^SSCH^)  ,  will  then  only  require  a  correction  of 
Rln  2  =  1.4  e.u.  from  the  spin  contribution  since  the 
contribution  from  the  other  factors,  such  as  moments  of 
inertia  change,  vibrational  entropy  consisting  of  con¬ 
tribution  from  each  of  the  internal  vibrations  are  small. 
Thus , 

S°^  =  S°(CH3SSCH3)  +  1.4  e.u. 

=  S°(CH3SSCH3)  +  1.4  e.u.  -  S°(CH3SSCH3)  -  S° (H) 

=  -26.0  e.u. 

-U 

The  good  agreement  with  =  -26.2  e.u.  suggests  that 

the  geometry  of  the  assumed  transition  state  is  a  good 
approximation  to  the  actual  case. 

From  the  present  results,  it  is  not  possible  to  draw 
any  conclusion  with  regard  to  the  intermediacy  of  the 
transient  complex  (H • CH3SSCH3 ) ;  however,  to  date,  there 
is  no  indication  that  such  complexes  could  have  a  finite 
lifetime  in  the  gas  phase. 


> 


CHAPTER  IV 


THE  REACTIONS  OF  HYDROGEN  ATOMS  WITH  DIETHYLDISULFIDE 

Results 

The  mercury  photosensitized  decomposition  of  H 2  in 
the  presence  of  C2H^SSC0H^  yields  C2H5SH  as  the  sole 
retrievable  reaction  product.  Substantial  amounts  of 
polymer  were  formed  at  long  exposure  times.  The  extent 
of  quenching  of  the  excited  mercury  atoms  by  C2H^SSC2H^ 
was  estimated  to  be  less  than  5%.  Control  experiments 
made  at  each  temperature  showed  that  C2H^SSC2H^  was 
thermally  stable  in  the  range  25-145°C. 

1.  Effects  of  time/  C2H5SSC2H,-  concentration  and  temperature 
on  <fr  (C2H5SH)  . 

The  quantum  yield  of  ethanethiol  formed  from  the 
mercury  sensitization  of  580  Torr  H2  in  the  presence  of 
5.0  Torr  C~Hr-SSCnHr  was  determined  at  60°C  as  a  function 
of  exposure  time.  The  results  are  listed  in  Table  XII. 

The  quantum  yield  of  ethanethiol  at  60°C  was  2.47  and 
independent  of  exposure  time  up  to  70  minutes  at  constant 
C2H5SSC2H5  pressure,  hence  C2H5SH  must  be  formed  in  the 
primary  process. 

In  the  next  series  of  experiments  cf>  (C2H,-SH)  was 
determined  as  a  function  of  diethyldi sulf ide  pressure. 
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The  results,  listed  in  Table  XIII,  show  that  4)  (C2H^SH) 
is  also  independent  of  C2H,^SSC2H,-  pressure  in  the  range 
2-15  Torr ,  suggesting  that  scavenging  of  H  atoms  by 
C2H^SSC2H5  is  complete. 

5.00  Torr  diethyldisulf ide  were  allowed  to  react 
with  H  atoms  for  45  minutes  at  temperatures  ranging  from 
25°C  to  145°C.  The  results,  shown  in  Table  XIV,  show 
that  <j)  (C2H^SH)  is  somewhat  dependent  on  temperature, 
ranging  from  2.32  at  25°  to  2.84  at  145°C. 

2 .  Effects  of  added  ethylene. 

In  the  presence  of  ethylene  several  additional  reaction 

products  were  formed,  three  of  which  were  identified  as 

C0H ,  n-C„H,  _  and  C^HrSC-H.-.  One  possible  reaction 
26  4  10  2525 

product,  ethylvinylsulf ide,  was  demonstrably  absent. 

Polymer  formation  was  greatly  suppressed.  Product  quantum 
yields  from  the  mercury  photosensitization  of  a  mixture 
of  580  Torr  H2  and  5.0  Torr  C^H^SSC^H,-  in  the  presence  of 
increasing  amounts  of  ethylene  at  five  different  tempera¬ 
tures  are  given  in  Table  XV  where  it  is  seen  that  cp  (C2H^SH) 
decreases  with  increasing  pressure  of  C2H^ ,  owing  to  the 
competitive  scavenging  of  H  atoms  by  C2H^ , 


H  +  C2H4 
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TABLE  XV 


Effect  of  C2 

Pressure 

and  Temperature 

on  (J>  (C2H5SH)  a 

p(c2h4) 

[C2h4]/ 

hotal(C2H5SH> 

Torr 

[C2H5SSC2 

H5! 

2  5°C 

0.00 

0.00 

2.32 

5.00 

1.00 

1.84 

10.00 

2.00 

1.49 

15.00 

3.00 

60°C 

1.31 

0.00 

0.00 

2.47 

5.00 

1.00 

1.94 

10.00 

2.00 

1.59 

15.00 

3.00 

U 

0 

0 

00 

1.34 

0.00 

0.00 

2.58 

5.00 

1.00 

1.99 

10.00 

2.00 

1.61 

15.00 

3.00 

12  0°C 

1.37 

0.00 

0.00 

2.70 

5.00 

1.00 

2.09 

10.00 

2.00 

1.69 

15.00 

3.00 

14  5°C 

1.43 

0.00 

0.00 

2.84 

5.00 

1.00 

2.17 

10.00 

2.00 

1.79 

15.00 

3.00 

1.49 

^Photolysis 

time  =  45  min;  I  =  1.24  x 

cl 

10  ^  einstein  min  ^ 

P(H2)  =  580 

±  10  Torr; 

P  (C^H.SSC^H,)  = 
2  b  2  b 

5.00  Torr 
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Discussion 

Under  the  experimental  conditions  employed  it  is 

3 

estimated  that  >95%  of  the  Hg (  P^)  atoms  are  quenched  by 

8  6 

H2  and  the  overall  process  is 

Hg(3P1)  +  H2 - ►  Hg  ( 1SQ )  +  2H 

for  which  4>  ( H )  =  2.0. 

The  absence  of  products  such  as  C~Hrr  C.E-.n, 

24' 26410 

C.Ht-SC^H.  and  H„S  can  be  taken  as  evidence  that  the 
2  5  2  5  2 

following  hypothetical  primary  processes  do  not  occur: 

h  +  c2h5ssc2h5 - ►  c2h6  +  c2h5ss 

- ►  c2h5ssh  +  c2h5 

- *>C0HcSC„H,  +  HS 

Z  O  Z  D 

The  possibility  of  hydrogen  abstraction  taking  place 
in  parallel  and  in  competition  with  C^H^S  displacement, 

H  +  C2H5SSC2H5  - ►  H2  +  CH3CHSSC2H5 

cannot  be  discounted  at  this  time,  but  kinetic  considera¬ 
tions  ( vide  infra)  suggest  that  this  reaction  is  unimportant 
within  the  temperature  range  examined. 

Hence,  and  also  by  analogy  with  H  +  CH^SSCH^  reaction, 
the  sole  primary  process  of  significance  is  postulated 


to  be : 


The  following  secondary  reactions  may  then  take  place: 


s-c2h5sh  +  c2h4s 


(2a) 


-s-  C~HrSSC0H 


(2b) 


C0Hc-S  +  C.H.SSC^H, 
Zb  Zb  Zb 


►  C~HrSH  +  CH_,CHSSC~H 


(3) 


H  +  C0HcS 
Z  b 


C2H5SH 


(4) 


However,  at  the  low  light  intensities  used  in  the  present 
investigation,  step  (4)  is  unlikely  to  be  important. 

(f)  (C2H5SH)  varies  between  2.32  at  25°  and  2.84  at  145°C. 

This  may  be  due  to  the  temperature  dependence  of  step  (2a) , 
or  that  of  the  abstractive  route  to  thiol  formation, 
reaction  (3) .  Now  it  has  been  shown  (Chapter  III)  that 
k^/k  for  CH^S  radicals  is  temperature  independent:  it 
is  therefore  reasonable  to  assume  that  the  same  is  true 
for  C2H^S  and  that  the  temperature  dependence  of  cf>  (C2H,~SH) 
is  due  to  that  of  step  (3) .  Note  that  the  expected  radical 
combination  products  arising  from  the  CH^CHSS^H^  radical 
formed  in  step  (3)  were  not  detected.  Either  this  radical 
is  not  stable  and  polymerizes,  or  the  products  were  lost 
during  transfer.  In  any  case,  it  will  be  shown  that 
inclusion  of  step  (3)  in  the  overall  mechanism  leads  to 


reasonable  kinetic-mechanistic  conclusions. 


■ 
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Thus,  assuming  that  C^H^SH  is  formed  exclusively 
via  steps  (1),  (2a)  and  (3),  then  at  25°C  where  <j>  (C2H5SH)  = 

2.32,  the  following  steady  state  equations  apply: 

<MC2H5S)  =  24>  (2a)  +  2(f)  (2b)  +  (f)(3)  =2  I 

(f)(1)  +  <J)(2a)  +  4>(3)  =  2.32  II 

Given  that  scavenging  of  H  atoms  by  C2H^SSC2H^  is  complete, 
(f)(1)  =  2  and  cf>(2a)  +  (f)(3)  =  0.32.  From  Knight  and  Smith's 

fi  ft 

value  of  ^2a//^2b  =  ®»13,  equation  I  becomes 

(f)(C2H5S)  =  0.13(f)  (2b)  +  2(f)  (2b)  +  0.32  =  2  III 

4>  ( 2a )  ,  4>  ( 2b)  and  (f)(3)  were  calculated  from  equation  III  and 
are  listed  in  Table  XVI  at  the  five  temperatures  examined. 

Further  steady  state  treatment  of  steps  (2a) ,  (2b) 

and  (3)  leads  to  the  following  rate  equation: 


(f)(3) 


(k2a+k2b} 


1/2 


2-4>  (3) 


T/2 


IV 


[C0HcSSC0Hc] 
Z  D  Z  D 


The  Arrhenius  plot  of  <f)  ( 3 )  /  (  {  ( 2 -(f)  ( 3 )  )  /2  }  2  [C^H^SSC^H^  ]  )  (these 


values  are  also  listed  in  Table  XVI) ,  Figure  5,  is 

linear  over  the  temperature  range  examined,  in  agreement 

with  the  above  mechanism,  and  the  slope  yields 

(E~  +  E0,  )/2  -  E-j  =  -3.61  ±  0.09  kcal  mol  ^ .  If  E0  ~  0, 

Z3.  Zu  Z>  z  a 

as  was  shown  to  be  the  case  for  CH^S  radicals,  and  since 
E2b  is  zero  or  negligibly  small,  then  this  value  corresponds 
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to  =  3.61  ±  0.09  kcal  mol  ^ .  The  methylenic  C-H  bond 
dissociation  energy  in  C2H3SSC2H3  has  not  been  reported 
but  a  reasonable  estimate  can  be  made.  Thus,  because  of 
the  adjacent  sulfur  atom  which  is  expected  to  stabilize 
the  resulting  radical,  it  is  assumed  that  D (methylenic- 
C-H)  is  close  to  the  tert  C-H  value,  90-91  kcal  mol  ^ . 

Then  AH  for  reaction  (3a) 

3a 

C2H5S  +  C2H5SSC2H5^ - -r*-C2H5SH  +  CH^HSSC^  (3) 

3b 

-1 

is  approximately  1.5-2. 5  kcal  mol  and  hence 

E-,,  =  1.6  ±  0.5  kcal  mol 

3b 

This  estimate  is  the  right  order  of  magnitude  when  compared 

57b 

to  the  values  reported  for  some  radical  +  thiol  reactions, 

R  +  RSH  - ►  RH  +  RS;  E  ~  4.0  kcal  mol”1 

In  comparison,  D(C-H)  for  CH^SSCH^  is  ~95  kcal  mol  ^ , 
and  AH  for  the  abstraction  reaction 

f 

ch3s  +  ch3ssch3^==^  ch3sh  +  ch2ssch3 

r 

will  be  approximately  7  kcal  mol  ^ .  Assuming  that  the 
activation  energy  for  the  reverse  reaction  is  similar  to 
that  for  reaction  (3b) ,  then  the  activation  energy  for 
the  above  reaction  is  approximately  8.6  kcal  mol  This 

estimate  is  quite  reasonable  since  hydrogen  abstraction 
from  primary  C-H  bonds  by  radicals  generally  features  a 


' 
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relatively  high  activation  energy,  in  the  range  9-12 

,  ,  -,-1  90 

kcal  mol 

Recalling  that  k^/k^  for  CH^S  =  0.05,  the  substantially 
higher  value  for  C2H,-S,  0.13,  suggests  that  the  activation 
energy  for  the  disproportionation  of  C2H^S  is  lower  than 
that  for  CH^S  radicals.  This  may  be  due  to  an  enhanced 
stability  of  the  C=S  bond  upon  ethyl  substitution  or,  more 
likely,  to  the  lower  bond  dissociation  energy  of  the 

?  ? 

CH^CH — H  than  the  E^C — H  bond.  In  any  case,  comparison  with 

91 

k^/kc  =9.3  and  12.0  for  CH^O  and  C2H5O  radicals, 
respectively,  clearly  shows  that  C-S  bonds  are  not  readily 
converted  to  C=S  bonds. 

In  the  presence  of  ethylene  a  complete  reaction  sequence 
would  consist  of  steps  ( 1 )  —  ( 3 )  and  (5)- (14) 


H  +  C2H4  - 

C2 

H5 

(5) 

C„HcS  +  C0H„  — 
2  5  2  4 

*  C2H5SC2H4 

(6) 

2C2H5SC2H4  - 

- 

C2H5SC2H5  +  C2H5SCH=CH2 

(7a) 

- ► 

<C2H5SC2H4>2 

(7b) 

CnHc  +  C0HrSC0 
2  5  2  5  2 

H4  ■ 

- ►  C~H  ,  +  C0HcSCH=CH- 

2d  2  5  z 

(8a) 

^C2H5SC2H5  +  C2H4 

(8b) 

- ^c2h5sc4h9 

(8c) 

■ 
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C-H.S  +  C0H  cSC0H  - 
2  5  2  5  2  4 

- ►c2h5sh  +  c2h5sch=ch2 

(9a) 

- ►  C0H[_SC0HI_  +  C0H.S 

2  5  2  5  2  4 

(9b) 

^  C2H5SC2H4SC2H5 

(9c) 

C-Hj-S  +  C0Hc 

2  5  2  5 

- -c2h5sh  +  c2h4 

(10a) 

C2H6  +  C2H4S 

(10b) 

— 

”^C2H5SC2H5 

(10c) 

C0Hc  +  C„Hc 

2  5  2  5 

- CoHr  +  C-vH. 

2  6  2  4 

(Ha) 

C4H10 

(11b) 

c2h5  +  c2h5ssc2h5  - 

- ^C2H6  +  C2H5SSC2H4 

(12a) 

- ►c2h6sc2h5  +  sc2h5 

(12b) 

C0H[_  +  H  , 

2  5  2  4 

—  C4H9 

(13) 

C2H5S 

C2H5SC2H4  +  nC2H4 

- polymer 

(14) 

Although  not  all  of  the  products  formed  could  be 

identified  in  this  system,  a  careful  search  failed  to 

reveal  the  presence  of  C~HcSCH=CH0,  C0H[rSC/,H0  and 

20  z  z  5  4  y 

C2Hc-SC2H^SC2Hj-  which  would  have  been  formed  had  steps 
{la),  (8a),  (8c),  (9a)  and  (9c)  taken  place.  The  meta- 

thetical  reaction  (12b)  ,  postulated  by  analogy  with  the 
CH3  +  CH3SSCH3  reaction,59 


is  probably  relatively 


inefficient  and  can  be  neglected  in  the  kinetic  treatment. 
Addition  of  C2H5  to  C2H4  is  a  relatively  slow  process 

O  O  _  1  _  1  Q  O 

(k  =  7.5  x  10  cm  mol  s  at  25°C  )  compared  with 

other  radical-radical  reactions  taking  place  in  the  system 
and  moreover,  butene,  the  expected  disproportionation 
product  of  C^H„  radicals. 


2C4H9 


C4H10 


+  C4H8 


(15) 


was  demonstrably  absent. 

If  the  suppressing  effect  of  added  C2H^  on  the  quantum 
yield  of  C2He.SK  is  denoted  by  f ,  it  can  be  shown  (cf 
Appendix  C)  that,  assuming  the  steady  state  concentration 
of  thiyl  radicals  to  vary  linearly  with  that  of  hydrogen 
atoms,  f  is  proportional  to  the  reactive  concentration 

f  =  1  +  k5[C2H4] 

k± [C2H5SSC2H5]  V 

For  each  £2^  concentration  at  the  various  temperatures 
used  in  this  study  f  was  determined  by  iteration  such 
that  the  following  relationship  was  obeyed: 


<J>°(D  ,  4)0  (2a)  ,  <j>°(3) 

-t  -r 

f  fZ  f 


cf)  (C2H5SH) 


total 


VI 


where  <f>°  and  cf)  are  the  quantum  yields  in  the  absence  and 
presence  of  C2H4 ,  respectively.  The  quantum  yields  for 
steps  (1),  (2a)  and  (3)  calculated  in  this  way  are  listed 


in  Table  XVII. 


' 
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TABLE  XVII 


Effect  of  C2H4 


Pressure  and  Temperature  on  4>  (C2HJ-SH) 


a 


P(C2H4) 

[c2h4]/ 

4>  (c2h5sh) 

Torr 

[c2h5ssc2: 

H5]  <HD 

$  (2a) 

4>(3) 

<MD+<M  3) 

1 

<M1)+4>C 

25°C 

0.00 

0. 00 

2.00 

0.100 

0.220 

2.10 

0.476 

5.00 

1.00 

1.60 

0.064 

0.176 

1.664 

0.600 

10.00 

2.00 

1.33 

0.044 

0.147 

1.374 

0.728 

15.00 

3.00 

1.14 

0.032 

0.126 

1.172 

0.853 

60°C 

0.00 

0.00 

2.00 

0.090 

0.38 

2.09 

0.478 

5.00 

1.00 

1.58 

0.056 

0.30 

1.64 

0.610 

10.00 

2.00 

1.31 

0.038 

0.25 

1.348 

0.742 

15.00 

3.00 

1.12 

0.028 

0.21 

1.148 

0.871 

00 

0 

0 

0 

0.00 

0.00 

2.00 

0.090 

0.49 

2.09 

0.478 

5.00 

1.00 

1.56 

0.055 

0.38 

1.61 

0.619 

10.00 

2.00 

1.28 

0.037 

0.31 

1.317 

0.759 

15.00 

3.00 

1.08 

0.027 

0.26 

1.107 

0.903 

120°C 

0.00 

0.00 

2. 00 

0.08 

0.62 

2.08 

0.481 

5.00 

1.00 

1. 55 

0.048 

0.48 

1.598 

0. 626 

10.00 

2. 00 

1.265 

0.032 

0.39 

1.297 

0.771 

15.00 

3.00 

1.08 

0.023 

0.33 

1.103 

0.907 

14  5°C 

0. 00 

0.  00 

2.00 

0.07 

0.77 

2.07 

0.483 

5.00 

1.00 

1.54 

0.041 

0.59 

1.581 

0.632 

10.00 

2. 00 

1.25 

0.  027 

0.48 

1.277 

0.783 

15.00 

3.00 

1.05 

0.019 

0.40 

1.069 

0.935 

0 

Photolysis  time 

=  45  min 

1 — 1 

II 

rtf 

H 

•  •% 

.24  x  10" 

^  einstein 

.  -1 

mm 

P(H2)  = 

580  ±  10 

Torr;  P(C2H^SSC 

2^5  ^  ~  * 

00  Torr. 

' 

. 

From  Equation  VI  it  follows  that 


93 


<f>(l)  +  4>(2a)  =  <f>°  (l)/f  + 


=  j  (2.o  +  il p-fO-) 


Substituting  f  from  Equation  V  and  rearranging  gives: 


1/  (4>  (1)  +  <f)  (2a)  ) 


1 

(2T3T 


1 

(2T3T 


k5[C2H4] 

[C2H5SSC2H5I 


VII 


where  3  =  (J>°(2a)/f.  Although  3  is  somewhat  dependent  on 
the  ratio  [C2H^ ] / [C2H^SSC2H^]  ,  plots  of  Equation  VII, 


illustrated  in  Figure  6,  are  linear  at  the  five  tempera¬ 
tures  studied  and,  within  experimental  error,  feature  a 
common  intercept  of  0.48.  The  least  mean  square  slopes 
and  intercepts  are  summarized  in  Table  XVIII.  The  average 
values  of  3  and  f  are  0.08  and  1;5  respectively  and 
therefore  (2a)  =  0.12,  in  reasonably  good  agreement 
with  the  value  of  0.103  derived  from  the  unscavenged 
system.  Table  XVI.  These  results  indicate  that  the 
assumption  whereby  C2H,_S  radical  disappear  mainly  via 
abstraction,  disproportionation  and  combination  reactions 
is  probably  correct.  The  values  of  k^/k-^  listed  in  Table 
XVIII  are  plotted  in  the  Arrhenius  form  in  Figure  7,  from 
which 


log(k5/k1)  =  (-0.332  ±  0.023)-(356  ±  37)/2.3RT 

Taking  the  limiting  high  pressure  rate  parameters  for 

•  ,,,  89 

step  (5)  as, 


■ 
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FIGURE  6.  — +<j)  (3y  versus  P  [C2H4  ]  /P  [C2H5SSC2H5]  at  25, 


60,  80,  120  and  145°C.  P(H2)  =  580  ±  10  Torr; 

photolysis  time,  45  minutes. 


Slopes  and  Intercepts  of  the  Plots  in  Figure 
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k,-  =  (2.2  ±  0.4)  x  1033exp  [- (2066±83)/RT]  cm3mol  3s  3, 
those  for  step  (1)  are 

k1  =  (4.73  ±  0.64)  x  1013exp  [- ( 171 0± 69 ) /RT] cm3mol“1s"1 . 

The  values  of  the  preexponential  factor  and  activation 
energy  are,  surprisingly,  quite  different  for  the  H  + 

CH^SSCH^  and  H  +  C2H^SSC2H^  systems,  in  spite  of  the  fact 
that  the  initial  step  in  both  reactions  involves  meta- 
thetical  displacement  of  an  alkyl  thiyl  radical.  The 
relative  reactivity  of  these  two  disulfides  towards  H  atom 
attack  is,  however,  clearly  in  line  with  the  observed 
decrease  in  reaction  rate  with  decreasing  exothermicity 
in  a  homologous  series.  In  this  case  the  dimethyldisulf ide 
reaction  is  considerably  faster.  From  the  data  in  Table  II, 
AH  =  -19.7  kcal  mol  3  for  the  H  +  C-Hj-SSC-H,-  reaction, 

ZD  ZD 

compared  to  -21.4  kcal  mol  3  for  the  H  +  CH^SSCH^  reaction 
and  the  difference,  1.7  kcal  mol  3,  is  in  good  agreement 
with  the  measured  activation  energy  difference  of  1.6 
kcal.  Interestingly,  the  exothermicity  difference  calculated 
on  the  basis  of  bond  strength  is  1.5  kcal  mol  3,  indicating 
that  the  reactivity  of  disulfides  toward  H  atom  attack  is 
governed  mainly  by  the  strengths  of  the  bonds  being  broken 
and  the  new  ones  formed. 

The  experimental  entropy  of  activation  for  the 
standard  state  of  1  atm.,  calculated  from  the  A  factor, 


- 

f 

98  . 


is  -22.0  e.u. ,  suggesting  a  somewhat  looser  transition 
state  relative  to  that  for  the  H  +  CH^SSCH^  reaction, 

tis  -K 

where  AS'  =  -26.2  e.u.  AS  can  be  estimated  by  Benson's 
77 

method  since  the  gas  phase  structural  parameters  of 

CnH  SSC0Hc  are  known.  Three  rotamers  of  C~HcSSC~Hr 
Z  O  Z  O  z  D  Z  D 

exist  in  the  gas  phase,  of  which  the  gauche-gauche  confor¬ 
mation  is  apparently  the  most  stable.  -^,93  Qn  the  basis  of 
the  structural  parameters  and  the  spatial  conformation  of 
C2Ht-SSC2H^  we  conclude  that  it  is  possible  that  one  of 
the  H  atoms  of  a  terminal  methyl  group  can  interact  with 
the  non-bonding  electrons  in  the  3p  orbital  of  the  second 
sulfur  atom  leading  to  the  formation  of  a  f ive-membered 
hydrogen-bonded  cyclic  structure  in  which  there  is  a  barrier 
to  rotation  of  the  other  C^E^  group  about  the  C-S  axis. 

f 

Attack  by  the  H  atom  on  the  3p  orbital  of  the  second 
sulfur  atom  would  result  in  cleavage  of  the  weak  hydrogen 


/ 

/ 

H 


- 
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bond,  thus  allowing  free  rotation  of  the  ethyl  group. 

7  7 

A  freely  rotating  ethyl  group  contributes  about  7.5  e.u. 
at  300  K  and  in  order  to  reproduce  the  experimental 
activation  entropy,  -22.0  e.u.,  the  contribution  required 
from  the  rotation  of  the  ethyl  group  is: 

AS*  =  So:F(H-C2H5SSC2H5)  -  S°  (C^SSC^)  -  S°  (H) 

=  S°  (C2H5SSC2H5)  +  Rln2  +  x  -  S°  (C^SSC^)  -  S°  (H) 

=  Rln2  +  x  -  S° (H) 

=  1.4  +  x  -27.4 

=  -26.0  +  x 

=  -22.0  e.u. 

Therefore,  x  =  26.0  -  22.0 

=  4.0  e.u. 

This  value,  being  lower  than  the  full  rotational  contribu¬ 
tion,  is  reasonable  and  seems  to  suggest  that  the  ethyl 
group  rotation  is  hindered  but  not  fully  frozen.  This 
result  is  in  agreement  with  the  proposed  gauche-gauche 
structure  being  the  most  stable  conformer  of  C2H^SSC2H^ ,  ^  ^ J 
and  with  the  larger  activation  energy  associated  with  the 

H  +  C0HrSSC0Hr  as  compared  to  the  H  +  CFUSSCH-.  reaction. 

Z  d  Z  b  J  J 


CHAPTER  V 


THE  REACTION  OF  HYDROGEN  ATOMS  WITH  ETHYLMETHYLD I SULFIDE 


Results 


1 .  Products  of  reaction. 

In  the  gas  phase  and  at  room  temperature  H  atoms 
react  with  ethylmethyldisulf ide  to  yield  CH^SSCH^, 
C2HC.SSC2HC. ,  CH^SH,  C2H^SH  and,  at  longer  illumination 
times,  sulfur  polymer.  As  will  be  seen,  this  system  is 
much  more  complex  than  for  the  case  of  symmetrical  di¬ 
sulfides.  Control  experiments  with  a  reaction  mixture 
consisting  of  580  Torr  H2  and  2.5  Torr  CH2SSC2H^  showed 

that  considerable  amounts  of  CH0SSCH0  and  C„HcSSC0Hr 

J  j  z  0  z  5 

were  formed  by  thermal  exchange  reactions.  In  subsequent 
sensitization  experiments  corrections  were  made  for  the 
thermally  produced  amounts  of  these  products.  It  was 
estimated  that  less  than  5%  of  the  excited  mercury  atoms 
were  quenched  by  C2H5SSC2H1- . 

2 .  Effects  of  exposure  time,  pressure,  and  temperature . 

In  the  first  series  of  experiments  reaction  mixtures 
consisting  of  580  Torr  H2  and  2.50  Torr  CH2SSC2H,-  were 
mercury  sensitized  and  the  quantum  yields  for  the  forma¬ 
tion  of  the  thiols  and  disulfides  as  a  function  of  exposure 
time  are  listed  in  Table  XIX.  The  quantum  yields  of 
formation  for  both  symmetrical  disulfides,  which  are 
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essentially  equal  in  the  whole  time  range,  are  extremely 
high  initially  but  decrease  sharply  with  increasing  time 
up  to  120  minutes.  The  time  dependence  of  cf>  (CH^SSCH^ ) 
and  of  <j>  (C2H5SSC2H5)  are  plotted  in  Figure  8;  extrapola¬ 
tion  to  zero  time  gives  the  value  (p  (t  =  0)  =  92.  As  seen 
from  Table  XIX  the  quantum  yields  of  formation  of  CH^SH 
and  C2H1-SH  show  only  moderate  time  dependence.  The  ratio 
<f>  (CH^SH)  / <p  (C2H^SH)  is  plotted  as  a  function  of  time  in 
Figure  9.  Extrapolation  to  zero  time  gives  the  limiting 
value  of  1.86  which  is  identical  to  the  rate  constant 
ratio  for  the  H  +  CH^SSCH^  and  H  +  C2H^SSC2H^  reactions. 

Next,  the  quantum  yields  of  the  products  were 
examined  as  a  function  of  substrate  pressure.  On  going 
from  2.5  Torr  CH2SSC2H5  to  5.0  Torr,  the  quantum  yields 
of  CH^SH  and  C2H^SH  were  unchanged  while  those  for 
CH^SSCH^  and  C2H^SSC2H^  increased  from  31.7  and  31.3  to 
63.5  and  62.8,  respectively,  i.e.,  in  direct  proportion 
to  the  pressure  increase. 

The  effect  of  temperature  on  the  quantum  yields  of 
the  reaction  products  was  not  quantitatively  determined 
because  the  system  was  exceedingly  complex  as  a  result  of 
the  occurrence  of  thermal  exchange  reactions.  Qualita¬ 
tively,  however,  the  quantum  yields  of  CH^SSCH^  and 

C0Hr-SSCnHr-  increased  significantly  with  increasing  tempera- 
2  5  25 

ture,  while  the  quantum  yields  of  the  thiols  increased 
only  moderately. 
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FIGURE  8.  Average  quantum  yields  for  CH^SSCH^  and 

CUH^SSCoH,-  formation  as  a  function  of  irradiation 
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Discussion 

l 

The  invariance  of  the  thiol  quantum  yields  with 
CH^SSC2H^  pressure  suggests  that  scavenging  of  H  atoms 
by  the  substrate  is  complete.  Hence,  and  by  analogy  with 
the  H  +  CH^SSCH^  and  H  +  C2HJ-SSC2H,-  reactions  it  is  proposed 
that  H  atoms  react  with  CH3SSC2H3  via  two  parallel 
and  competing  metathetical  steps  (1)  and  (2) : 


H  +  CH3SSC2H5 

- ►  CH^SH  +  C.H,S 

2  2  5 

(1) 

H  +  CH3SSC2H5  — 

— ►  c2h5sh  +  ch3s 

(2) 

The  very  high  initial  quantum  yields  obtained  for 

the  formation  of  CH0SSCH0  and  C0Hr-SSC0Hc  indicate  that 

2  2  2  5  2  5 

the  thiyl  radicals  generated  in  reactions  (1)  and  (2) 
propagate  a  chain  sequence: 


CH3S  +  CH3SSC2H5 - 

— *-CH3SSCH3  +  C2H5S 

(3) 

C0HcS  +  CH~j  SSCH0  - 
2  5  2  2 

— ►CH^SSCnHc  +  CH-3S 

2  2  5  2 

(4) 

C2H5S  +  CH3SSC2H5  - 

- cSSC0H  c  +  CH-j  S 

2  5  2  5  2 

(5) 

CH3S  +  C3H3SSC2H3 

— ►CH0SSC0Hc  +  C0HcS 

2  2  5  2  5 

(6) 

Termination  of  the  chain  and  the  final  fate  of  the 
thiyl  radicals  is  postulated  to  be  combination  and 
disproportionation : 


■ 
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CH3S  +  CH3S  - 

— ►CH3SSCH3 

(7) 

— ►CH3SH  +  CH2S 

(8) 

c2h5s  +  c2h5s  - 

- ►  C0HcSSC0Hc- 

2d  2d 

(9) 

- *-C2H5SH  +  CH3CHS 

(10) 

CH-.S  +  C-vH-S 

d  2  D 

— CH3SSC2H5 

(ID 

- ►CH3SH  +  CH3CHS 

(12) 

— ►  C2H5SH  +  CH2S 

(13) 

The  occurrence  of  disproportionation  is  clearly  demonstrated 
by  the  fact  that  the  sum  of  the  quantum  yields  of  the 
thiols  is  2.2,  whereas  a  value  of  2.0  would  be  expected 
solely  on  the  basis  of  reactions  (1)  and  (2). 

Because  of  the  occurrence  of  this  chain  reaction, 
the  symmetric  disulfides  accumulate  rapidly  in  the  system 
and  their  secondary  reactions  with  H  atoms  also  need  to 
be  considered  in  the  overall  mechanism: 


H  +  CH3SSCH3  - 

-^ch3sh  + 

ch3s 

(14) 

H  +  C2H5SSC2H5 - 

-►C2H5SH  + 

C2H5S 

(15) 

overall  mechanism 

consisting 

of  the 

elementary 

steps  (1)  —  (15)  has  been  tested  by  computer  modeling. 
The  objectives  of  the  simulation  were  to  see  if  the 
observed  time  dependence  of  the  quantum  yields  can  be 


. 
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reproduced  and  also  to  estimate  rate  constant  values  for 
those  individual  reaction  steps  which  have  not  been  reported 
in  the  literature. 

The  set  of  differential  equations  corresponding  to 

the  above  mechanism  was  solved  numerically  by  using  the 

7  9 

algorithm  DIFSUB  developed  by  Gear  for  the  numerical 
integration  of  a  set  of  stiff  ordinary  differential 
equations . 

The  rate  constants  k^  and  k2  were  assumed  to  be 
identical  to  those  determined  for  the  reactions  of  H 

94_96 

atoms  with  the  corresponding  symmetric  disulfides,  CH^SSCH^ 

97 

and  CnHrSSC„Hc,  on  the  basis  of  the  observation 

2  5  2d 

that  the  extrapolated  value  of  <t>  (CH^SH) /<}>  (C2H3SH)  at 
t  =  0  is  equal  to  k-^/k.^. 

The  rate  constants  for  the  reactions  of  thiyl  radicals 
with  disulfides  are  not  known  and  values  of  k^-k^  had  to 
be  established  by  fitting  the  calculated  rate  of  forma¬ 
tion  for  the  symmetric  disulfides  to  the  measured  quantum 
yields.  The  equilibrium  constant  for  the  disproportiona¬ 
tion  reaction 

CH3SSCH3  +  C2H5SSC2H5  - 2CH3SSC2H5  (16) 

has  been  determined  experimentally  as  being  5.5  at  room 
temperature.^  If  we  assume  that  reactions  (3) -(6) 
approach  a  similar  equilibrium  then  the  corresponding 
rate  constants  must  satisfy  the  following  relationship: 
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k  /k_  x  kc/kc  =  5.5  (17) 

From  the  set  of  rate  constants  used  in  the  simulation 
listed  in  Table  XX,  it  is  seen  that  the  derived  values 
of  kg  to  kg  conform  to  this  relationship. 

It  was  also  considered  that  the  conversion  of 
symmetric  disulfides  to  asymmetric  ones  should  be  faster, 
i.e.,  kg  <  k^  and  kg  <  kg,  because  of  the  contribution  to 
the  entropy  change  from  the  loss  of  symmetry.  The  rela¬ 
tive  magnitudes  of  the  rate  constants  kg  -  kg  are  also 
in  line  with  the  observation  that  substitution  of  the 

methyl  group  on  the  S  atom  by  ethyl  decreases  the  rate 
97 

constant  for  attack  by  H  atoms. 

The  rate  constant  for  the  combination  of  CHgS  radicals 
has  been  reported  to  be: 

13  3  -1  -1 

k-,  =  2.4  x  10  cm  mol  s 

and  we  assumed  the  same  value  for  k^,  the  combination  of 

C2H5S  radicals.  The  kd/kc  ratios  for  CH3S  and  C2H5S  radicals 

57a.  6  8 

have  been  reported  '  and  the  rate  constants  for  the  cross 
combination  and  disproportionation  of  CHgS  and  CgHgS  (k^0 
and  k^g)  were  taken  to  be  twice  as  high  as  for  the  self 
reactions  (kg  and  k^g) ,  i.e., 

k12  =  2kg  and  kgg  =  2kgQ 

From  Table  XX  k]/k2  =  i-86'  k3/k5  =  i*80  and 
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k^/kg  =  1.60.  The  rate  constant  ratios  for  dispropor¬ 
tionation  and  combination  of  thiyl  radicals  obtained 
from  the  simulation,  kD/k_  =  0.08  for  CH,S  and  k,  n/kn  =  0.21 

for  C2H^S,  are  in  good  agreement  with  the  experimentally 

573.  6  8 

derived  values  of  0.05  and  0.13,  respectively. 

The  simulated  time  dependence  of  cj)  (CH^SSCH^ ) 
calculated  on  the  basis  of  the  above  mechanism  is  shown 
in  Figure  10  along  with  the  experimental  values  (in  the 
whole  time  range,  identical  values  were  obtained  for 
<t>  (C2H5SSC2H5 )  )  .  Curve  A  represents  the  change  of  the 
quantum  yield  with  time,  and  curve  B  is  the  average 
quantum  yield  calculated  from  the  amount  of  CH^SSCH^ 
formed  at  the  given  time.  It  is  seen  that  curve  B 
follows  the  experimental  trend,  reproducing  the  rapid 
decline  of  the  quantum  yield,  and  curve  A  rapidly  approache 
the  value  of  zero.  Both  trends  are  manifestations  that 
the  system  is  approaching  equilibrium.  The  concentrations 
of  the  symmetric  and  asymmetric  disulfides  calculated  at 
t  =  20  minutes  correspond  to  an  equilibrium  constant  of 
5.5,  in  accordance  with  the  assumed  rate  constants  k0-kr. 

For  (f>  (CH^SH)  and  4>  (C2H5SH)  the  values  of  1.41  and 
0.79  were  obtained,  independently  of  exposure  time,  in 
good  agreement  with  the  experimental  results. 

<j>  (CH3SSCH3)  calculated  in  the  simulation  (Curve  B 
in  Figure  10)  reproduces  satisfactorily  the  experimentally 
observed  rapid  decrease  with  increasing  irradiation  time 
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FIGURE  10.  Dependence  of  ^(CH^SSCH^)  on  irradiation  time 

Curve  A:  instantaneous  quantum  yield  calculated 
from  the  amount  of  CH^SSCH^  formed  in  one 
second ; 

Curve  B:  average  quantum  yield,  calculated  from 
the  integrated  amount  of  CH^SSCH^; 


0: 


experiments]  data. 


and  together  with  the  agreement  between  the  observed  and 
calculated  (p  (CH^SH)  and  (f)  (C2H5SH)  values  supports  the 
proposed  mechanism.  The  agreement  also  shows  that  the 
assumed  values  of  the  rate  constants  are  reasonable. 

The  derived  rate  constants  for  the  reactions  of 
thiyl  radicals  with  disulfides  are  lower  than  the 
corresponding  rate  constants  for  H  atoms  and  the  differenc 
is  probably  due  to  changes  in  both  the  preexponential 
factors  and  the  activation  energies.  Thus  for  H  atom 
reactions  the  gas  kinetic  collision  frequency  and  the 
steric  factor  are  both  significantly  higher  than  for  thiyl 
radical  reactions.  Also,  hydrogen  atom  reactions  are 
about  15  kcal  mol  ^  more  exothermic  as  compared  to  the 
nearly  thermoneutral  reactions  of  thiyl  radicals. 
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CHAPTER  VI 


THE  REACTIONS  OF  HYDROGEN  ATOMS  WITH  BIS (TRIFLUOROMETHYL) - 
DISULFIDE 


Results 

1 .  Products  of  the  Reaction 

The  Hg*  photosensitization  of  a  mixture  of  600  Torr 
H2  and  3.75  Torr  CF^SSCF^  led  to  the  formation  of  very 
small  amounts  of  CF^SCF^  (typically,  0.07  ymoles  for  a 
45  minute  photolysis  at  25°C)  and  extensive  deposition  of 
polymer.  Subsequent  blank  experiments  however  showed 
that  CF^SCF^  can  be  formed  from  a  thermally  induced  exchange 
reaction : 


2cf3sscf3  - -►  cf3scf3  +  cf3ssscf3  (1) 

The  large  amounts  of  polymer  indicated  that  some 
reaction  had  taken  place,  but  evidently  the  products  must 
have  been  irretrievable.  Two  primary  processes  can  be 
envisioned:  direct  S  abstraction. 


H  +  CF3SSCF3  - ►  HS  +  CF3SCF3 


(2) 


which  would  lead  to  the  formation  of  H2S  via  disproportiona¬ 
tion  of  the  HS  radicals,  and,  by  analogy  with  the  alkyl 
disulfides,  metathetical  displacement: 


h  +  cf3sscf3  — ►cf3sh  +  cf3s 


(3) 
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The  small  yields  of  CF^SCF^  observed  suggest  that 
step  (2),  if  it  occurs,  must  be  relatively  inefficient 
since  this  sulfide  is  fairly  stable  under  the  conditions 
employed  here.  Nevertheless,  the  possibility  that  E^S 
undergoes  a  dark  reaction  with  the  substrate  had  to  be 
explored.  To  this  end,  a  mixture  consisting  of  3%  E^S 
in  CF^SSCF^  was  analyzed  by  gc  on  an  8  ft  porapak  N  column 
at  59°C  and  only  the  CF^SSCF^  peak  appeared  on  the 
chromatogram.  As  further  confirmation,  gc  analysis  of 
the  reaction  products  formed  from  the  Hg*  sensitization 
of  600  Torr  EI2  in  the  presence  of  3.75  Torr  thiirane 
showed  that  the  E^S  formed  in  the  reaction  could  in  fact 
be  detected  with  the  analytical  techniques  employed;  yet 
when  the  experiment  was  carried  out  with  3.75  Torr  added 
CF^SSCF^,  no  H2S  was  found. 

In  the  light  of  these  results,  it  was  suspected  that 
CF^SH  might  also  engage  in  a  dark  reaction  with  CF^SSCF^. 
Unfortunately,  CF^SH  is  not  commercially  available  hence 
a  mixture  of  CH^SH  (3%)  in  CF3SSCF3  was  prepared  and 
injected  into  the  gc :  as  expected,  CH^SH  was  not  eluted 
on  the  chromatogram. 

In  order  to  test  for  the  intermediacy  of  thiyl 
radical  in  the  H  +  CF3SSCF3  reaction  a  mixture  consisting 
of  2  Torr  C2H4 ,  30  Torr  CF3SSCF3  and  600  Torr  H2  was 
mercury  photosensitized.  In  addition  to  CF3SSCF3,  C^H-^q, 

and  ,  CF0SC0Hc  was  found  to  be  a  major  product.  The 

Zb  J  Z  d 
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mass  spectrum  of  this  compound  is  given  in  Appendix  B. 

The  formation  of  CF^SC2H^  definitely  shows  that  CF^S 
radicals  are  intermediates  in  the  H  +  CF^SSCF^  reaction. 

2 .  Effect  of  added  thiirane. 

In  order  to  determine  the  rate  coefficient  of  the 
H  +  CF^SSCF^  reaction  it  was  decided  to  carry  out 
competitive  studies  with  added  thiirane.  Firstly,  the 
H  +  C2H^S  reaction  was  investigated  as  a  function  of 
exposure  time  for  a  mixture  consisting  of  600  Torr  H2 
and  3.75  Torr  The  quantum  yields  of  C2H4  and 

H2S  are  listed  in  Table  XXI.  In  this  system  C2H4  can  be 

O  O 

formed  in  two  ways:  desulfurization  by  H  atoms,  and  by 

S  atoms: 

H  +  C2H4S  - **-  HS  +  C2H4  (4) 

2HS - *~H2S  +  S  (5) 

S  +  C2H4S - *-S2  +  C2H4  (6) 

From  Table  XXI,  it  is  seen  that  4>(C2H4)  =  2.47  at  25°, 

independent  of  exposure  time  up  to  60  minutes.  Since 
4>  (H)  =  2.0,  it  follows  that  cj)(6)  =  0.47.  The  total  quantum 
yield  of  ethylene  is 

(j>(C2H4)  =  4>(4)  +  4>  ( 6 ) 

and  since  ({>(5)  =  (f)(6),  the  quantum  yield  of  desulfurization 
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by  H  atoms,  y,  is  then 

Y  =  4>(4)  =  4>(C2H4)  -  <J>(5)  =  2.47-0.47  =  2.00 

at  25°C.  The  results  in  Table  XXI  also  show  that  y  is 
independent  of  temperature  up  to  152 °C. 

In  the  presence  of  3.75  Torr  CF3SSCF3,  4>  (C2H4 ) 
decreases  and  H2S  is  no  longer  detected.  The  values  of 
<MC2H4)  and  y  obtained  at  five  different  temperatures  and 
C2H4S  concentrations  are  listed  in  Table  XXII. 

Discussion 

H  atom  attack  on  CF3SSCF3  can  take  place  via  the 
following  primary  processes: 

H  +  CF3SSCF3  — - ►-  HS  +  CF3SCF3  (2) 

— — -►  CF3SH  +  CF3S  (3) 

— - ►  HF  +  CF2SSCF3  (7) 

In  the  absence  of  measurable  amounts  of  retrievable 
products  it  is  not  possible  to  make  an  unequivocal  decision 
with  regard  to  these  possibilities,  but  the  results  from  the 
H2/CF3SSCF3/C2H4  system  strongly  point  to  the  occurrence 
of  step  (3).  Thus  CF3SCF3  is  formed  in  only  trace  amounts, 
and  is  most  likely  formed  from  the  thermal  exchange 
reaction  (1).  The  occurrence  of  F  abstraction,  (7),  can 
be  ruled  out  since  a  prohibitively  high  activation 
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TABLE  XXII 

Effect  of  Temperature  and  C2H4S  Pressure  on  y 


p (C2H4S)  [cf  3sscf  3 ] / 

(c2h4) 

Y 

-1 

Y 

Torr 

[c2h4s] 

2  5  0  C 

3.75 

0.00 

2.47 

2 . 00 

0.500 

7 . 50 

0.50 

2.22 

1.75 

0.571 

3.75 

1.00 

2. 02 

1.55 

0.645 

2.50 

1.50 

1.85 

1.38 

0.725 

1.88 

2.00 

1.66 

1.19 

0.840 

1.50 

2.50 

62  °C 

1.59 

1.12 

0.893 

3.75 

0.00 

2.40 

2.00 

0.500 

3.75 

1.00 

1.74 

1.34 

0.746 

2.50 

1.50 

1.55 

1.15 

0.868 

1.88 

2.00 

1.41 

1 . 01 

0.990 

1.50 

2.50 

84  °C 

1.30 

0. 90 

1.11 

3.75 

0.00 

2.37 

2.00 

0.500 

7.50 

0.50 

1.89 

1.52 

0.660 

3.75 

1.00 

1.63 

1.26 

0.794 

2.50 

1.50 

1.41 

1.04 

0.962 

1.88 

2.00 

1.25 

0.880 

1.14 

1.50 

2.50 

124  °C 

1.12 

0.750 

1.33 

3.75 

0.00 

2.30 

2.00 

0.500 

3.75 

1 . 00 

1.33 

1.03 

0.971 

2.50 

1.50 

1.14 

0.840 

1.19 

1 .88 

2.00 

0. 996 

0.696 

1.44 

1.50 

2.50 

1  52  0  C 

0.894 

0.594 

1.68 

3.75 

0.00 

2.20 

2.00 

0.500 

7 . 50 

0.50 

1.47 

1.27 

0.787 

3.75 

1.00 

1.13 

0.930 

1.08 

2.50 

1.50 

0.919 

0.719 

1.39 

1 . 88 

2.00 

0.792 

0.592 

1.69 

1 . 50 

2.50 

0.700 

0.500 

2. 00 

aY  =  <MC2H4) 

-  <j>(H2S) 

;  Photolysis  time  = 

45  min; 

L  = 

1.06  x  10“ 8 

einstein 

.  -1 
mm  ; 

P(H2)  =  600+10  Torr; 

P (CF3SSCF3 

3.75  Torr. 
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energy  would  be  associated  with  this  reaction.  From 
these  observations,  and  by  analogy  with  the  case  of  alkyl 
disulfides,  it  is  therefore  concluded  that  the  sole  primary 
process  of  importance  is  step  (3).  The  only  secondary 
reaction  of  importance  is  probably  recombination, 

2CF3S - ►CF3SSCF3  (8) 

since,  owing  to  the  high  C-F  bond  strength,  disproportiona¬ 
tion  cannot  take  place  at  the  temperatures  used  in  this 
study . 

Strong  evidence  for  the  intermediacy  of  thiyl  radicals 
in  this  system,  and  hence  in  support  of  step  (3) ,  comes 
from  the  experiments  carried  out  in  the  presence  of 
ethylene,  where  C2H3SCF3  is  a  major  product.  The  follow¬ 
ing  sequence  of  elementary  reactions  accounts  for  the 
formation  of  the  observed  products: 


H  +  CF3SSCF3  — 

- ►  CF3SH  +  CF3S 

(3) 

H  +  C2H4 

^  C2H5 

(9) 

c2h5  +  cf3s 

— c2h3scf3 

(10) 

— 

- ►  CF3SH  +  C2H4 

(ID 

c2h5  +  c2h5  - 

o 

1 — 1 
w 

U 

A 

(12) 

C0Hc  +  C„H  . 

2  6  2  4 

(13) 
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Since  it  has  been  shown  that  CF^SH  cannot  be  detected 
in  the  presence  of  large  amounts  of  CF-^SSCF^,  it  is  very 
likely  that  CF^SH  and  CF^SSCF^  exist  as  a  hydrogen  bonded 
complex ,  e . g . , 

cf3sh  +  cf3sscf3 - >-[cf3s— h- •  -f3csscf3]  (14) 

Evidence  for  the  existence  of  a  similar  complex  comes 
from  the  results  of  the  photolysis  of  CF3COCF3  in  the 
presence  of  H2S  There  was  a  mass  balance  deficiency 

of  about  18%  for  the  CF3  radicals  produced  and  this  was 
ascribed  to  the  following  reaction: 

CF3  +  SH  - ►CF3SH  (15) 

Gc  analysis  for  CF3SH  in  the  CF3COCF3  photolyzate  however 
was  difficult  and  the  results  were  inconclusive  It 

is  quite  likely  that  in  this  system  as  well,  CF3SH  forms 
a  hydrogen  bond  with  the  substrate. 

In  the  presence  of  thiirane,  the  following  sequence 
of  reaction  steps  explains  the  nature  and  the  quantum 
yields  of  the  observed  products. 


H  +  CF3SSCF3  - ►  CF3SH  +  CF3S  (3) 

H  +  C2H4S  - C2H4  +  HS  (4) 

HS  +  HS  - *^H2S  +  S  (5) 

S  4  C2H4S  - ^  C2H4  +  S2  (6) 


(16) 


HS  +  CF3SSCF3  - ►CF3SSH  +  SCF3 

M 

HS  +  Hg  - ►  HgSH 

cf3s  +  cf3s - *^cf3sscf3 

CF3S  +  HS - ►  CF3SSH 

H2S  +  CF3SSCF3 - ►  [HS—  H*  * -F3CSSCF3] 

CF3SH  +  CF3SSCF3 - ►  [CF3S— H*  *  -F3CSSCF3] 


(17) 

(18) 

(19) 

(20) 

(21) 


The  possible  occurrence  of  reaction  (16)  has  to  be 

considered  since  the  following  novel  metathetical  reaction 

40 

has  been  shown  to  take  place: 


HS  +  CH3SCH3 


CH3SSH  +  CH3 


However,  kinetic  arguments  ( vide  infra )  indicate  that 
reaction  (16)  is  probably  not  important  in  the  present 
system. 

Steady  state  treatment  of  reactions  (3)-(6),  and  (17) 
leads  to  the  following  kinetic  expression: 


-1 

Y 


k  [CF3SSCF  ] 

0  S  i  _ £ _ £ _ _ 

2k4[C2H4S] 


I 


where  y  =  t|>(C2H4)  -  (f)(5)  =  (f)(4).  The  plots  of  y  1  versus 
[CF3SSCF0 ] /  [C2H4S]  at  the  five  temperatures  examined 
(Table  XXII)  shown  in  Figure  11,  are  linear  and  the  slope 
and  intercept  values  obtained  by  least  mean  square  treat¬ 
ment  of  the  data  are  given  in  Table  XXIII.  The  plots 
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feature  a  common  intercept  close  to  the  value  of  0.5 
predicted  by  Equation  I,  and  therefore  reaction  (16)  is 
probably  not  important  in  the  overall  scheme.  The  values 
of  k^/k^ ,  also  listed  in  Table  XXIII,  are  plotted  in  the 
Arrhenius  form  in  Figure  12,  from  which 

log(k3/k4)  =  (1.41  ±  0.06)  -  (2604  ±  53)/2.3RT 

102 

Taking  the  absolute  rate  parameters  for  reaction  (4) 
as 

k4  =  ( 1 . 7  3±  0 . 07 )  xl013exp [- (1880±24)/RT]cm3mol_1s_1, 
those  for  reaction  (3)  are: 

k^  =  ( 4 . 4  5±  0 . 2  0 )  xl  O^exp  [-  ( 4  4  84  ±4  4  )  /RT  ]  cm3mol  ^s  ^  . 

By  analogy  with  the  other  H  +  disulfide  systems 
described  above  it  is  proposed  that  H  atom  attack  takes 
place  exclusively  at  the  sulfur  atom,  and  the  complex 
subsequently  decomposes  to  give  trif luoromethanethiol 
and  a  trif luoromethylthiyl  radical: 


* 
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The  higher  activation  energy  for  the  H  +  CF^SSCF^ 
reaction,  4.5  kcal  mol  \  as  compared  to  the  H  +  CH^SSCH^ 
reaction,  0.1  kcal  mol  is  a  clear  indication  that  the 
strongly  electronegative  fluorine  atoms  promote  delocaliza¬ 
tion  of  the  sulfur  3p  orbitals.  Because  of  this  delocal¬ 
ization  it  is  anticipated  that  CF^SSCF^  would  not  be 
readily  amenable  to  attack  by  atoms  or  radicals  less 
reactive  than  H  atoms. 

The  experimental  entropy  of  activation  for  the 
standard  state  of  1  atm.  calculated  from  the  A  factor  is 

a. 

-17.6  e.u.  This  value,  as  compared  to  AS1"  =  -26.2  e.u. 
for  the  H  +  CH^SSCH^  reaction,  suggests  a  looser  transition 
state.  This  can  result  from  steric  hindrance  at  the 
sulfur  atom  by  the  CF^  group,  or,  more  likely,  from  the 
contributions  of  internal  modes  arising  from  hindered 
internal  rotations  brought  about  by  interactions  of  lone 
pairs  of  electrons  of  fluorine  atoms  with  the  lone  pair 


of  the  S  atom. 
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CHAPTER  VII 


THE  REACTION  OF  HYDROGEN  ATOMS  WITH  DIETHYLSULFIDE 


Results 


3 

When  H  atoms  are  generated  by  the  Hg  (  P^)  sensitized 


decomposition  of  H2  in  the  presence  of  C2H5SC2H5,  the 


observed  products  are  C2H5SH,  C2H6,  C^H^,  C2H4 ' 


ch3  ch3 


(4 , 5-dimethyl-3 , 6-dithiaoctane ,  DMDTO) ,  and  some  polymer 
at  longer  illumination  times. 

The  sulfur-containing  products  were  identified  by 
comparison  of  the  mass  spectra  with  those  of  authentic 
materials,  with  the  exception  of  DMDTO,  the  spectrum  of 
which  has  not  been  reported.  The  mass  spectrum  of  this 
compound  is  given  in  Appendix  B,  along  with  the  major 
peak  assignments.  Although  DMDTO  was  relatively  volatile, 
its  elution  time  was  very  long  and  consequently  the  peak 
was  extremely  broad  and  featured  considerable  tailing. 
Attempts  to  quantify  the  peak  areas  proved  to  be  quite 
difficult  and  inconclusive  and  hence  quantitative  measure¬ 
ments  were  not  carried  out  for  this  compound. 

Control  experiments  at  each  temperature  in  the 
range  25-188°C  showed  that  C2H3SC2H3  was  thermally  stable. 
The  amount  of  quenching  of  the  excited  mercury  atoms  by 
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C2H5SC2H5  was  estimated  to  be  less  than  5%  in  all  the 
experiments . 

1.  Effects  of  exposure  time  and  C2H^SC0H^  concentration. 

In  the  first  set  of  runs  580  Torr  hydrogen  was  mercury 
photosensitized  in  the  presence  of  20  Torr  C2H5SC2H5  for 
various  time  intervals  at  25°C.  The  results,  listed  in 
Table  XXIV,  show  that  4>  (C2H^SH)  =  1.53,  independent  of 
the  time  of  irradiation. 

In  the  next  series  of  experiments  the  pressure  of 
C2H^SC2H^  was  varied  between  1.0  and  30  Torr  while  keeping 
the  irradiation  time  constant  at  45  minutes.  The  quantum 

yields  of  C2H5SH,  C4H10/  an<^  C2H4  are  tat)Ulate<^ 

in  Table  XXV,  where  it  is  seen  that  they  increase  with 
increasing  substrate  pressure  then  level  off  above  10 
Torr  C2H5SC2H5.  In  this  region  H  atoms  are  completely 
scavenged  in  the  overall  reaction.  <J)  (MTH)  was  not  measured 
because  its  yield  at  room  temperature  was  negligibly  small. 

2 .  Effect  of  temperature. 

The  mercury  sensitization  of  580  Torr  hydrogen  in 
the  presence  of  various  amounts  of  C2H^SC2H^  was  carried 
out  at  25,  110,  130,  150,  167,  and  170°C  at  a  constant 
exposure  time  of  45  minutes.  The  results,  tabulated  in 
Table  XXVI,  show  that  the  yield  of  ethane  increases  with 
increasing  temperature,  while  that  of  butane  decreases, 
and  the  ethylene  yield  shows  only  moderate  temperature 
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dependence.  It  is  also  seen  from  Table  XXVI  that  the  yield 
of  ethanethiol  increased  from  0.73  to  0.96  ymoles  between 
25  and  110°C,  after  which  it  remained  constant.  The 
yield  of  MTH  becomes  measurable  at  110°C/  then  decreases 
with  increasing  temperature  and  finally  becomes  negligibly 
small  above  167°C. 

3 .  Effect  of  added  ethylene. 

In  the  presence  of  C2^4  no  additional  products  were 
detected  but  polymer  formation  was  greatly  reduced.  The 
quantum  yields  of  C2H^SH  from  the  mercury  photosensitiza¬ 
tion  of  10  Torr  C2H^SC2H^  in  the  presence  of  increasing 
amounts  of  ethylene,  at  25,  96,  132,  170,  and  188°C,  are 
listed  in  Table  XXVII.  cj)  (C2H5SH)  decreases  with  increas¬ 
ing  ethylene  pressure,  owing  to  the  competitive  scavenging 
of  H  atoms  by  C2H4. 

Discussion 

Since  the  yield  of  C2H1-SH  is  directly  proportional 
to  exposure  time,  as  seen  in  Table  XXIV,  this  product 
appears  to  be  of  primary  origin.  By  analogy  with  the  H 
+  CH^SCH^  reactions  then,  the  initial  step  is  postulated 
to  be 

H  +  C2H5SC2H5  - ►  C2H5SH  +  c2H5 

followed  by  combination  and  disproportionation  of  C2H5 


(1) 
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TABLE  XXVII 


Effect  of  C2H4  Pressure  and  Temperature  on  4>(C2Hc)SH)a 


P(C2H4) 

Torr 

[c2H4l / 

[C2H.SC2H5] 

<J>  (C2H5SH) 

i/4>  (c2h5sh) 

0. 000 

0. 000 

25°C 

1.53 

0.654 

0.500 

0.0500 

1.15 

0.371 

1.00 

0.100 

0.917 

1.09 

1.50 

0.150 

0.769 

1.30 

2 . 00 

0.200 

0.658 

1.52 

0. 000 

0.000 

96°C 

2 . 00 

0.500 

0.500 

0.0500 

1.49 

0.671 

1.00 

0.100 

1.32 

0.758 

1.50 

0.150 

1.11 

0.901 

2.00 

0.200 

1.00 

1.00 

0.000 

0.000 

132  °C 

2.03 

0.493 

0.500 

0.0500 

1 . 63 

0.614 

1.00 

0.100 

1 .39 

0.719 

1.50 

0.150 

1.26 

0.794 

2 . 00 

0.200 

1.07 

0.935 

2.00 

0.200 

1.12 

0.893 

0.000 

0.000 

17  0  °C 

2.00 

0.500 

0.500 

0.0500 

1.72 

0.581 

1.00 

0.100 

1.51 

0.662 

1.20 

0.120 

1.44 

0.694 

1.50 

0.150 

1.36 

0.735 

2.00 

0.200 

1.22 

0.820 

0.000 

0.000 

18  8  0  C 

2.01 

0.498 

1.00 

0.100 

1.62 

0.618 

2. 00 

0.200 

1.24 

0.806 

3.00 

0.300 

1.04 

0.962 

3P(H2)  = 

580  Torr ;  P (C2 

h5sc2h5) 

=  10.0  Torr ; 

I  =  1.06  x  10"8 
a 

Einstein  min  ^ ;  exposure  time  =  45  min. 


■ 

• 

. 

134  . 


radicals : 


2C2H5 

- ►  C2H6  4-  C2H4 

(2) 

— "C4H10 

(3) 

for  which  k^/k  ratios  of  0.1,^^  0.14,^^  and  0.2^“*  have 

been  reported  (the  latter  value  is  almost  certainly  too 

high).  If  f°rme(3  exclusively  from  step  (2),  our 

results  (Table  XXVI)  indicate  that  k2/k2  ~  0.24  at  25° 

and  increases  to  0.58  at  170°.  The  room  temperature  value 

is  much  too  high  and  moreover,  the  reported  temperature 

9  0 

dependence  of  k^/k^  for  ethyl  radicals  is  very  small. 
Therefore,  an  additional  ^H^-producing  reaction  must  be 
occurring,  i.e.,  abstraction  from  the  substrate: 


C2Hs  +  C2H5SC2H5  - s-  c2H6  +  C^SC^  (4) 

The  site  of  abstraction  is  probably  at  the  methylene 
moiety  since  the  C-H  bond  here  is  weaker  ( ~  9 2  kcal  mol  ■*") 
than  in  the  methyl  group  (98  kcal  mol  ^)  and  moreover, 

MTH  and  DMDTO  were  identified  among  the  products.  A 
complete  reaction  sequence  would  then  consist  of  steps 
(1) -  (4 )  and  (5) - (8) 


CnHc  +  CHoCHSC0H  £- 
2  5  3  2  d 


— c2h6  +  ch2=chsc2h5 

- *^C2H4  +  C2H5SC2H5 

— ►  C0HcCHSC0Hc (MTH) 

2  5  i  2d 


(5) 

(6) 


(7) 


■ 


(8) 


2CH3CHSC2H5 


-►  C„H cSCHCHSC~H  (DMDTO) 
z  D  |  \  z  5 

CH3  CH3 


where  it  is  seen  that  all  the  products,  with  the  exception 
of  C^H^SH,  arise  from  ethyl  radical  reactions. 

Ethylvinylthioether  was  not  identified  as  a  product. 
This  may  be  because  step  (5)  is  relatively  slow,  but 
even  if  it  were  formed,  gc  analysis  for  ethylvinylthio¬ 
ether  in  a  mixture  containing  large  quantities  of 
C2H3SC2H3  would  be  difficult  since  both  compounds  would 
probably  have  similar  elution  times.  The  disproportiona¬ 
tion  reactions  (5)  and  (6)  are  probably  inefficient  but 
are  included  for  the  sake  of  completeness. 

The  only  other  reaction  of  ethyl  radicals  which 
might  be  of  importance  under  the  conditions  employed  is: 


M 


(9) 


^C2H6* 


h  +  c2h5 


Although  H  atoms  are  completely  scavenged  in  the  system 

above  10  Torr  C0HcSCnHc  at  25°,  the  results  in  Table 

z  D  z  D 


XXVIII  show  that  scavenging  by  C^H^SC^H^  itself  is  only 
complete  at  110°C.  Hence  at  room  temperature  an 
additional  H-scavenging  reaction,  step  (9),  must  be 
included  in  the  mechanism.  Kinetic  considerations  ( vide 
infra)  lend  support  to  this  conclusion. 

The  excess  energy  of  C^H^*  is  about  97.5  kcal  mol  ^ 
and  unless  collisional  stabilization  takes  place  it  will 
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decompose  via  C-C  cleavage, 

C2H6*  - ►  2CH3  (10) 

for  which  A  =  1  x  10^  s  ^  and  E  =37.4  kcal  mol  ^ . 

a 

From  the  RRK  equation. 


k 


10 


=  A 


E-E 


s-1 


with  s  =  9,  where  E  is  the  total  excess  energy,  E  the 

a 

critical  energy  required  for  decomposition,  A  the  high 

pressure  A  factor,  and  s  is  usually  taken  to  be  half  the 

normal  modes  in  the  molecule,  i.e.,  9  for  C0Hr.  The 

decomposition  rate  constant  k^  is  calculated  to  be 
9  -1 

~10  s  .  However,  at  580  Torr  H0  d  can  be 

Zb  Z 

estimated  to  be  6.3°A  and  since  the  collisional  efficiency 

106 

of  hydrogen  is  about  0.2  the  rate  constant  for  collisional 
stabilization , 


k 


9 


C0H  -H 
2  6 


X  10 


-19 


N( 


8TikT 


1/2 


) 


[M] 


where  k  is  the  Boltzmann  constant,  N  Avogadro ' s  number, 
y  the  reduced  mass  and  M  the  concentrations  of  the  deactivat¬ 
ing  species  in  moles  £  ^ ,  is  calculated  to  be  10~^  s 
Therefore  91%  stabilization  will  be  achieved  in  the  present 
system.  The  absence  of  CH^  as  a  product  constitutes 
additional  evidence  to  the  effect  that  the  decomposition 


. 
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of  C^H^*  is  probably  not  significant;  moreover,  cf>(C2Hg) 
from  step  (9),  <M9),  can  be  calculated  from  the  relation 

<!,(9)  =  W(C2H6>  -  +<C2H4)  -  <H4)  1 

and  from  the  results  in  Table  XXVIII  it  is  seen  that 

<J>  (9)  +  <f>  (C0HcSH)  ~  2 . 0  II 

at  25°C,  as  required  by  the  mechanism,  neglecting  step  (10). 

Of  all  the  ethyl  radical  reactions  taking  place, 
reaction  (4),  H-abstraction  from  the  substrate,  is  of 
greatest  interest.  On  the  basis  of  the  above  mechanism 
the  total  rate  of  ethane  formation  can  be  expressed  as: 

RC,Hc  =  R2  +  R4  +  R5  +  R9  111 

A  D 

Similarly,  the  total  initial  rate  of  ethylene  formation 
is 


RC2H4  R2  +  R6 


and  assuming  that  ~  R^,  then 


IV 


RC  H  R4 
l2  6 


+  RC2H4  +  R9 


V 


Since  R^  =  0  for  T  _>  110°C,  the  values  of  R^  can  be 
calculated  directly  from  the  C2Hg  and  C2H4  yields  listed 
in  Table  XXVI.  For  the  experiments  at  25°  R^  can  be 
calculated  using  equations  (I)  and  (V) .  The  observed 
and  derived  values  of  R3  and  R4 ,  respectively,  over  the 


- 
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temperature  range  examined  are  listed  in  Table  XXIX 

1/2 

along  with  those  of  R^/R^  '  . 

1/2 

The  Arrhenius  plot  of  R^/R^  ,  shown  in  Figure  13, 

is  linear  between  25°  and  170°C  and  from  the  slope, 

E^/2  -  E^  =  -6.9  ±  0.1  kcal  mol  ^ .  If  E^  is  assumed  to 
be  zero,  then  E^  =  6.9  ±  0.1  kcal  mol  .  This  value  seems 
reasonable  when  compared  to  those  determined  for  other 
similar  reactions,  listed  in  Table  XXX.  Hydrogen 
abstraction  from  the  methylene  group  of  C2H5SC2H,-  by 
ethyl  radicals  could  be  facilitated  by  the  presence  of 
the  a-heteroatom  and  the  rate  enhancement  as  compared 
to  alkane  substrates  can  be  explained  in  terms  of 
stabilization  of  the  incipient  radical  as  a  result  of 
electron-releasing  conjugative  effects  of  the  a-heteroatom, 

as  shown  below: 

H  H 

1  I  .. 

CH  -C-S-  -« - ►  CH~-C=S- 

3  .  3 

Comparison  between  the  C2H5;  +  ^2H5SC2H5  anc3  the 
107 

C^Hr  +  CoHr0C~Hr  reactions  shows  that  E  for  the  former 
2  5  2  5  2  5  a 

is  considerably  less  than  that  for  the  latter.  This  is 
probably  due  to  the  greater  electron  releasing  conjuga¬ 
tive  effects  of  sulfur,  as  a  consequence  of  the  greater 
physical  size  of  sulfur  and  greater  availability  of  the 
3p  orbital  electrons.  Similar  considerations  apply  to 
the  C2H5  +  C2H5NNC2H5108  and  C2H5  +  C2H5COC2H5103  reactions . 
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1/2 


FIGURE  13.  Arrhenius  plot  of  R2//R4 


versus  1/T. 
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Our  measured  value  of  the  activation  energy  for  the 

C2H5  +  C2H5SC2H5  reacti°n  i-s  twice  as  high  as  that  reported 

1  09 

by  Knight  and  Smith  from  the  photolysis  of  ethylsulfide 
vapor  at  2537°A; 


C-Hc-SC-H,. 
2  b  2  5 


hv 


-►  c2h5s  +  c2h5 


(11) 


However ,  since  the  S-C  bond  strength  in  C2H5SC2H5  is  71 
kcal  mol  Cthenat  2537°A,  the  reaction  is  exothermic 


by  41  kcal  mol 


-1 


If  the  distribution  of  this  excess  energy 


C2H5 


is  proportional  to  the  number  of  oscillations,  then  E 

28  and  E  =13  kcal  mol  1  if  the  energy  is  localized  on  the 

C2h5b 

S-C  bond  and  thus  the  low  activation  energy  determined  by  them 
is  probably  due  to  the  involvement  of  "hot"  ethyl  radicals. 

AH  values  for  the  reactions  listed  in  Table  XXXI 

can  be  estimated  from  the  methylene  C-H  bond  strengths 
in  C9H5SC2H5  (—92  kcal  mol"1) ,  C2H5OC2H5  (-94.5  kcal  mol”1) 
and  CgH^^  (-95  kcal  mol  1) ,  and  D(C-H)  =  97.5  kcal  mol  1 
in  C-^Hg.  These  are  listed  in  Table  XXXI,  along  with  the 
calculated  activation  energies  for  the  reverse  reactions. 

The  latter  appear  to  be  of  the  right  order  of  magnitude 
and  exhibit  a  slight  downward  trend  with  increasing 
electrophilicity . 

In  the  presence  of  ethylene,  a  complete  reaction 
sequence  would  then  include  the  competing  reaction: 


C2H5 


H  +  C2H4 


(12) 
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Addition  of  to  C2H4 '  steP  (13) 


c2h5  +  c2h4 


*C4H9 


(13) 


is  a  relatively  slow  process  compared  with  the  other 
radical-radical  reactions  involving  C2H[^,  i.e.,  steps  (2) 
-(7),  and  moreover,  butene,  the  expected  disproportionation 
product  of  radicals, 


c4h9  +  c4h9 


C4H8  +  C4H1 0 


(14) 


was  demonstrably  absent.  The  only  remaining  possible 
reaction , 

CH  CHSC2H 

C2H^  +  nC2H4  - - - ►  polymer  (15) 


did  not  seem  to  be  important  since  polymer  formation  was 
greatly  reduced  in  the  presence  of  ethylene.  Steady 
state  treatment  of  steps  (l)-(7),  (9)  and  (12)  leads  to 

the  following  rate  expression: 


<J>  (C2H5SH) 


-1 


1 

2 


+  a  +  k12  [C2H4] 

k1[C2H5SC2H5] 


VI 


where  a  =  R9/R-^  and  for  T  >.  110, a  is  equal  to  zero.  From 
the  data  in  Table  XXVI I, equation  VI  is  plotted  in  Figure 
14.  The  plots  are  linear  within  the  temperature  range 
examined  and  feature  a  common  intercept  of  0.5  in  the 
range  96-188°C,  Table  XXXII.  These  results  substantiate 
our  earlier  suggestion  that  reaction  (9)  is  important 


25°C 
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only  at  room  temperature.  At  25°C  however  the  intercept 
is  0.66  and  therefore  a  =  0.32,  in  agreement  with  the 
calculated  ratio  <J>  ( 9) /<J>  (1)  =  0.47/1.53  =  0.31  using 
equation  I. 

The  slopes  of  the  plots,  listed  in  Table  XXXII ,  are 
plotted  in  the  Arrhenius  form  in  Figure  15  from  which 
the  value  of  the  rate  coefficient  ratio  is 

log(k12/k1)  =  -(0.35710.035)  +  (1768160) /2 . 30  RT 

Accepting  Michael  and  coworkers '  value  for  the  limiting 

8  9 

high  pressure  rate  parameter  for  step  (12)  as 

k  2  =  (2. 2+0. 4)  x  1013  exp[-(2066l83)/RT]cm3mol_1s_1 
those  for  step(l)  are 

kx  =  (2.2810.4)  x  1013  exp [-(3834141) /RT] cm3mol~1s~1 

Of  all  the  substrates  examined  in  the  present 
investigation,  C2H^SC2H^  would  have  been  the  most  amenable 
to  abstractive  attack,  but  such  does  not  seem  to  be  the 
case.  Instead,  attack  appears  to  take  place  exclusively 
at  the  sulfur  atom,  and  the  complex  subsequently  decomposes 
to  give  ethanethiol  and  an  ethyl  radical. 

The  experimental  entropy  of  activation  for  the 
standard  state  of  1  atm,  calculated  from  the  A  factor, 
is  -23.5  e.u.  This  value,  as  compared  to  AS  =  -24.1  e.u. 
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FIGURE  15.  Arrhenius  plot  of 


for  the  H  +  CH^SCH^  reaction,  suggests  that  the  transition 
state  for  the  H  +  C2H5SC2H,-  reaction  is  similar  to  that 
of  the  H  +  CH^SCH^  reaction. 

Indeed,  the  value  of  the  A  factor  for  the  H  + 
C2HC-SC2H,-  reaction  can  be  reproduced  by  assuming  a  transi¬ 
tion  state  similar  to  that  proposed  for  the  H  +  CH^SCH^ 

.  40 

system. 


H 

t 

I 


H  +  C2H5SC2H5  -*  [C2H5 - S  — 


— c  2 H  5 1  +  C2H5  +  C2H5SH 


which  involves  an  initial  interaction  between  the  H  atom 

and  the  non-bonding  3p  orbital  of  the  sulfur  atom. 

The  higher  activation  energy  for  the  H  +  C2H5SC2HJ- 

reaction,  3.8  kcal  mol  ^ ,  as  compared  to  the  H  +  CH^SCH^ 

reaction,  2.6  kcal  mol  ^ ,  is  a  clear  indication  that  the 

C-S  bond  in  C2H^SC2H^  is  stronger  than  that  in  the  CH^SCH^ 

indeed,  values  of  71  and  70  kcal  mol  \  respectively, 

32c 

have  been  reported.  This  is  probably  due  to  the  greater 
hypercon j ugative  effects  of  methylene  hydrogens  in  the 
ethyl  group. 


' 
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CHAPTER  VIII 


SUMMARY  AND  CONCLUSIONS 

The  gas  phase  reactions  of  hydrogen  atoms,  generated 
3 

by  the  Hg  (  P-^)  sensitization  of  hydrogen,  with  dimethyl- 
disulfide,  diethyldisulf ide ,  ethylmethyldisulf ide , 
bis ( trif luoromethyl) disulfide  and  diethylsulf ide  have  been 
examined  at  room  and  moderately  elevated  temperatures. 

With  dialkyldisulf ides,  thiols  are  the  only  retrievable 
products  and  solid  polymer  formation  was  observed.  From 
the  effects  of  exposure  time,  light  intensity  and  concen¬ 
tration,  it  is  concluded  that  H  atoms  attack  disulfides 
exclusively  at  one  of  the  sulfur  atoms,  thereby  displacing 
a  thiyl  radical: 

H 

:  $ 

H  +  RSSR  - (RS  *  *  *  SR)  - ►  RSH  +  RS  (1) 

Hydrogen  abstraction,  even  from  the  relatively  weak 
methylenic  C-H  of  C2H5SSC2H5  appears  to  be  an  unimportant 
process.  In  the  presence  of  ethylene,  compounds  of  the 
type,  CH2SC2H^  and  C2H^SC2H^  were  found  to  be  major 
products,  a  clear  indication  of  the  intermediacy  of  thiyl 
radicals  in  these  systems. 

With  the  unsymmetrical  disulfide,  CH3SSC2H5,  formation 

of  CH^SSCH^  and  C^H5SSC2H5  were  observed  in  high  yields  along 

with  CH-.SH  and  C~Hr-SH.  These  are  formed  in  a  chain 
3  Z  o 
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reaction  involving  metathetical  C^H^S  and  CH^S  displacement 

reactions.  The  initial  ratio  of  the  quantum  yields 

4>  (CH^SH)/4>(C2H^SH)  is  1.86,  identical  to  the  rate  constant 

for  the  H  +  CH0SSCH0  and  H  +  C0HrSSCnHc  reactions. 

3  3  2  5  2  5 

Polymerization  is  the  only  observable  result  of  the 
H  +  CF^SSCF^  reaction.  However,  it  was  shown  that  CF^SH,  the 
expected  primary  product,  cannot  be  detected  in  the  presence 
of  CF^SSCF^,  possibly  because  of  strong  hydrogen  bonding 
associations.  That  reaction  had  taken  place  was  deduced  from 
the  following  observations: 

1.  polymer  formation  was  apparent. 

2.  in  competitive  experiments  with  C2H4S,  the  ^2^4  yields 
from  the  H  +  C2H4S  reaction  decreased  with  increasing 
CF^SSCF^  concentration. 

3.  in  the  presence  of  C2H^,  CF2SC2H,-  was  found  to  be  a  major 
product,  pointing  to  the  intermediacy  of  CF^S  radicals. 

By  analogy  with  the  other  H  +  disulfide  reactions  studied 
here,  and  since  F  abstraction  requires  a  very  high 
activation  energy,  it  is  concluded  that  the  primary  process 
in  the  H  +  CF^SSCF^  reaction  is  also  a  metathetical  displace¬ 
ment  reaction,  i.e.,  (1). 

Although  the  H  +  RSSR  reactions  (R  =  CH^ ,  C2H5'  CF3^ 
feature  a  common  primary  process,  some  differences  are 
apparent  in  the  ensuing  secondary  reactions. 


■ 
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For  the  H  +  CH3SSCH3  reaction  <f>  (CH3SH)  =  2.1, 
independent  of  temperature  up  to  120°.  Thus,  the  follow¬ 
ing  simple  mechanism  applies 

H  +  CH3SSCH3  - CH3SH  +  CH3S  (2) 

2CH3S  - ►  CH3SH  +  CH2S  (3) 

- CH3SSCH3  (4) 

and  abstraction  from  the  substrate, 

CH3S  +  CH3SSCH3 - CH3SH  +  CH2SSCH3  (5) 

is  apparently  not  important.  On  the  basis  of  thermochemical 
considerations  it  can  be  estimated  that  ~  8.6  kcal  mol  ^ 
and  hence  this  reaction  cannot  compete  with  disproportiona¬ 
tion  and  combination,  both  of  which  proceed  with  very 
little  or  no  activation  energy.  From  the  reported  value 
of  k3/k^  ~  0.05,  (J)(2)  ~  2.0,  as  required  by  the  mechanism. 

With  diethyldisulf ide  however,  $ (C2H3SH)  varies 
from  2.32  at  25°  to  2.84  at  145°C.  Since,  by  analogy 
with  CH3S  radicals,  the  rate  of  disproportionation  of 
C^H^S  radicals  should  be  temperature  independent,  this 
can  only  mean  that  the  abstractive  route  to  thiol  formation 
is  operative.  The  major  reactions  occurring  are  then 

C2H5SH  +  C2H5S 


H  +  C2H5SSC2H5 


(6) 
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C2H5SH  +  C2H4S 


(7) 


>C0H,SSC0H 


(8) 


C2H5S  +  C2H5SSC2H5 


►  C2H5SH  +  C2H4SSC2H5 


(9) 


From  the  reported  value  of  k7/k  =  0.13,  the  quantum 
yield  for  reaction  (9)  could  be  calculated  at  each 
temperature  and  from  kinetic  analysis  of  the  results. 


Eg  ~  3.6  kcal  mol 


This  is  substantially  lower  than 


that  estimated  for  abstraction  from  CH^SSCH^  by  CH^S 
radicals  and  hence  in  this  system  reaction  (9)  can  compete 
with  reactions  (7)  and  (8). 

The  H  +  C2H|_SSCH2  reaction  proved  to  be  more 
complex  since,  in  addition  to  disproportionation,  combina¬ 
tion  and  hydrogen  abstraction,  the  CH^S  and  C2HgS  radicals 
generated  in  the  primary  process  undergo  thiyl  radical 
displacement  reactions  with  the  substrate, thus  generating 
a  long  chain: 

ch3s  +  ch3ssc2h5  - ^  ch3ssch3  +  c2h5s  (10) 

c2h5s  +  ch3ssc2h5  - ►  c2h5ssc2h5  +  ch3s  (11) 

Chain  termination  was  assumed  to  take  place  via  radical- 
radical  combination  and  disproportionation.  The  quantum 
yields  of  the  symmetrical  disulfides  were  equal  and  time 
dependent,  the  extrapolated  value  at  zero  exposure  time 
being  92.  Those  for  CH3SH  and  C2H5SH  changed  only 
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moderately  with  time  and  <j>  (CH3SH)  /(p  (C2H5SH)  at  t  =  0  was 

1.86.  A  mechanism  consisting  of  15  elementary  steps  was 

111 

tested  by  computer  modeling  using  the  algorithm  DIFSUB. 
Although  rate  constants  for  the  reactions  of  thiyl 
radicals  with  alkyldisulf ides  are  not  known,  reasonable 
estimates  could  be  arrived  at  such  that  the  simulated 
variation  in  cf>  (CH^SSCH^ )  was  in  good  agreement  with  the 
experimentally  observed  trend. 

The  H  +  C2H5SC2H5  system  was  also  investigated,  not 
only  in  order  to  complement  the  H  +  CH^SCH^  reaction 
examined  recently,  but  to  ascertain  whether  higher  alkyl 
substituents  might  render  hydrogen  abstraction  more 
competitive.  No  evidence, however  could  be  adduced  for 
the  occurrence  of  this  reaction  and  the  only  primary 
process  of  significance  is  ethyl  radical  displacement. 

H  +  C2H5SC2H5  - ►  C2H5SH  +  C2H5  (12) 

The  various  ensuing  reactions  of  C2H^  radicals  confer 
some  complexity  on  this  system.  Thus,  in  addition  to 
combination  and  disproportionation,  C2H5  abstracts  from 
the  substrate,  probably  at  the  methylenic  site: 

C2H5  +  c2h5sc2h5  - *-  c2h6  +  c2h4sc2h5 

and  a  complete  mechanism  featuring  disproportionation 
and  combination  of  C2H5  and  C2H4SC2H5  radicals  was 


(13) 
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considered.  It  was  also  observed  that  the  H  + 
combination  reaction  is  important  at  room  temperature. 

From  kinetic  analysis  of  the  results  was  found  to 

have  the  value  6.9  ±  0.1  kcal  mol  ^ .  This  value  is 
quite  low  compared  to  abstraction  from  other  methylenic 
sites  by  C2H3  radicals  and  is  believed  to  be  a  consequence 
of  enhanced  stabilization  of  the  incipient  radical  due 
to  the  superior  conjugation  properties  of  sulfur. 

Arrhenius  parameters  for  the  H  +  CH^SSCH^, 

C~HcSSCH0  and  C0HrSCnHr  reactions  were  determined  in 
competitive  experiments  employing  C2H4,  since  the  rate 
parameters  for  the  competing  reaction: 

H  +  C2H4 - C2H5 

have  been  well  established.  For  the  H  +  CF^SSCF^  system 
the  reference  was  the  H  +  thiirane  reaction: 

H  +  C2H4S  - ►  HS  +  C2H4 

The  resulting  activation  energies  and  A  factors  are 
summarized  in  Table  XXXIII,  along  with  the  exothermicities 
for  the  overall  reactions,  calculated  from  the  data  in 
Table  II.  Corresponding  values  for  the  H  +  COS,  C2H4S 
and  CH-, SCH^  reactions  are  also  included  for  the  sake  of 

J  o 

comparison . 

•  112 

Many  years  ago,  Evans  and  Polanyi  noted  that, 
for  exothermic  reactions  of  Na  atoms  and  CH3  radices 


157 


H 

H 

H 

X 

X 

X 

w 

p 

CQ 

< 

Eh 


CO 

13 

G 

G 

O 

04 

e 

o 

u 

P 
G 
4H 
i — I 

CO 

o 

G 

G 

tn 

P 

O 

£ 

P 

•H 

£ 

CO 

G 

O 

•H 

p 

u 

G 

G) 

Cd 


P 

c 

33 

p 

o 

p 

G 

0 

•H 

p 

o 

G 

d) 

cd 

p 

o 

CO 

p 

G 

0) 

33 

13 

G 

G 

CO 

P 

<D 

P 

CD 

E 

<d 

P 

cd 

Cd 

co 

G 

•H 

G 

Q) 

rG 

P 

P 

<C 


A3 

A3 

A3 

A3 

A3 

0 

p 

P 

P 

P 

p 

co 

o 

0 

0 

0 

O 

0 

33 

£ 

£ 

£ 

Z 

5 

£ 

O 

0) 

o 

co 

CO 

H 

G 

G 

p 

G 

G 

co 

CO 

G 

CO 

0) 

•H 

■H 

•H 

•H 

•H 

CO 

P 

xi 

X! 

P3 

33 

33 

33 

(D 

cd 

Eh 

Eh 

Eh 

Eh 

Ei 

U 

+ 

33 

P 

o 

O 

CD 

CD 

o 

«d 

p 

0 

u 

• 

• 

• 

• 

• 

• 

• 

P 

1 — 1 

CD 

CD 

P 

P 

CD 

p 

p 

1 

G 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

G 

O 

1 

1 

1 

1 

1 

1 

1 

0) 

• 

G 

G 

i — 1 

• 

G 

CL) 

> 

4 

op 

co 

33 

< 

<3 

• 

CN 

O 

rH 

P 

CD 

r- 

P 

P 

• 

• 

• 

• 

• 

• 

• 

6 

Cd 

CD 

CN 

P 

ro 

r- 

cn 

CO 

1 

0 

X 

CN 

CN 

CN 

CN 

H 

■ — i 

CN 

p 

CL) 

1 

1 

1 

1 

1 

1 

1 

p 

D 

a) 

p 

G 

E 

i — 1 

•H 

i 

G 

33 

p 

1 - 1 

O 

LO 

O 

in 

P 

co 

CO 

CN 

G 

0 

• 

• 

• 

• 

• 

• 

• 

• 

a) 

• 

0  p 

E 

1 - 1 

cn 

CO 

<D 

p 

o 

o 

P 

33 

CN 

P 

1 — 1 

r — i 

P 

CN 

1 — 1 

CN 

0) 

33 

<3 

i — i 

1 

1 

1 

1 

1 

1 

1 

1 

G 

CN 

G 

rH 

U 

U 

rtf 

CO 

A3 

> 

CO 

p 

G) 

33 

3n 

CN 

« - 1 

G 

U 

1 

P 

1 — 1 

a) 

13 

o 

t — i 

r- 

CD 

00 

P 

OC 

O'! 

> 

G 

fd 

E 

« 

• 

• 

• 

• 

• 

• 

| 

< 

G 

w 

O 

t — 1 

CN 

ro 

P 

rH 

CO 

p 

P 

G 

o 

• 

p 

i — i 

« — 

a) 

1 

p 

CO 

CN 

00 

ro 

ro 

P 

CO 

CN 

G 

i — 

3 

i — 1 

1 — 1 

■ — 1 

i — 1 

P 

i — i 

i — 1 

tr> 

i 

o 

o 

o 

o 

O 

o 

o 

•H 

< 

• — 1 

1 — 1 

rH 

rH 

1 — 1 

i — 1 

1 — 1 

p 

1 

Id 

o 

X 

X 

X 

X 

X 

X 

X 

E 

["• 

r~~ 

r- 

ro 

p 

r- 

i — i 

E 

ro 

• 

• 

• 

• 

• 

• 

t 

O 

E 

in 

p 

rH 

CN 

P 

p 

cr> 

P 

o 

P 

p 

33 

in 

P 

13 

ro 

CN 

33 

CO 

33 

G) 

33 

u 

CO 

CN 

Cd 

CN 

P 

C 

i 

U 

co 

33 

o 

U 

U 

G 

o 

c o 

CO 

CJ 

CO 

CO 

CO 

CO 

P 

•r~ 

co 

p 

CO 

in 

CO 

II 

CO 

0 

P 

ro 

33 

ro 

33 

CO 

co 

U 

CO 

Cd 

o 

33 

CN 

33 

CN 

Cd 

II 

33 

G 

G 

u 

U 

L) 

U 

U 

o 

U 

P 

0) 

P 

cd 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

X 

w 

33 

33 

33 

33 

33 

33 

33 

33 

G 

' 


. 

■ 

158  . 


with  a  homologous  series  of  molecules,  an  empirical 
relationship  of  the  form 

E  =  A  +  aAH 

d 

113 

was  often  obeyed.  Semenov  showed  that  the  reactions 

of  H,  D  and  OH  with  selected  classes  of  compounds  also 

follow  this  trend.  Typically,  values  of  a  range  between 

0.2  and  0.4,  and  the  A  values  only  differed  by  a  small 

amount,  10-15  kcal,  among  the  various  atoms  and  radicals 

examined.  Hence,  for  the  cases  examined,  the  predominant 

factor  governing  the  magnitude  of  E  is  AH. 

a 

The  plot  of  E&  versus  AH  for  the  H  +  COS,  C2H^S, 

CH^SCH-.,  C0Il1-SC0Ht-,  CH-.SSCH..  and  C-Hc-SSC^H,.  reactions, 

3  3  Z  d  z  d  3  3  Z  5  25 

is  illustrated  in  Figure  16.  The  alkyl  sulfides  and 
disulfides  follow  a  linear  relationship  of  the  form 

E  =  0.9  AH  +  19.36  kcal  mol  ^ 

ci 

from  which  E&  for  the  H  +  C2H^SSCH2  reaction  is  predicted 
to  be  0.9-1. 4  kcal  mol  .  This  is  a  reasonable  value, 
being  intermediate  between  those  for  the  corresponding 
symmetrical  disulfides.  COS  and  do  not  follow  the 

above  trend,  as  expected,  since  desulfurization  takes 
place  with  these  substrates.  For  H  +  CF^SSCF^  reaction  with 
E  =4.5  kcal  mol  ^ ,  if  H  atom  is  assumed  to  attack  S  atom, 

3. 

then  AH  -  16.5  kcal  mol  ^ . 

The  experimental  entropies  of  activation,  calculated 
from  the  A  factors,  also  listed  in  Table  XXXIII,  are 


Ecikcalmol"1) 
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FIGURE  16.  Plot  of  an  empirical  relationship  for  activation 

energies:  Eq  =  0.9AH  +  19.36  for  the  reaction 

series  H  +  CH^SSCII^f  ^'2^5^C2^5'  CH^SCH^  and 

C2H5SC2H5* 
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consistently  high  and  negative,  suggesting  a  "tight" 
transition  state.  It  was  shown  that  good  agreement 
could  be  obtained  between  the  experimental  and  calculated 
entropies  of  activation  if  the  transition  state  was 
assumed  to  be  a  rigid  complex  wherein  H  attacks  the 
sulfur  lone  pair  orbital,  e.g.. 


For  the  case  of  C0HcSSCnHc  and  CF0SSCF0  hindered  internal 

Z  d  Z  d  3  3 

rotations  give  rise  to  additional  contributions  to  the 
entropy;  in  the  former,  this  is  probably  due  to  the 
possibility  of  hydrogen  bonding  with  one  of  the  S  3p 
orbitals  in  the  gauche-gauche  conformation  and  in  the 
latter,  to  interactions  between  the  lone  pairs  of  electrons 
on  the  fluorine  and  sulfur  atoms. 

The  activation  energies  associated  with  the  H  + 
alkylsulfide  reactions  are  somewhat  higher  than  those 
required  by  the  H  +  alkyldisulf ide  reactions  and  this 
is  entirely  due  to  the  difference  between  the  C-S  and 
S-S  bond  strengths.  On  the  other  hand,  Ea  for  the 
CF^SSCF^  reaction  is  substantially  higher  and  this  is 
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undoubtedly  due  to  delocalization  of  the  3p  sulfur  orbitals 
by  the  electron-withdrawing  fluorine  atoms. 

The  room  temperature  rate  constants  for  the  reactions 
of  H,  0,  S,  OH/  CH^,  CF^,  CH^S  and  C ^ with  sulfides 
and  disulfides  are  summarized  in  Table  XXXIV  and  the 
Arrhenius  parameters,  where  available,  in  Table  XXXV. 
Although  the  data  available  to  date  are  rather  limited, 
some  interesting  features  are  worthy  of  note. 

Firstly,  OH  radicals  appear  to  be  the  most  reactive 
of  the  species  examined.  This  is  not  unusual  however 
since  the  primary  process  is  electron  transfer,  which 
is  known  to  be  rapid. 

Oxygen  and  sulfur  atoms  appear  to  be  more  reactive 

than  hydrogen  atoms  and  the  low  and,  for  oxygen, 

occasionally  negative  activation  energies  associated 

with  attack  on  C2H4S  and  CH^SCH^,  Table  XXXV,  point  to 

the  electrophilic  nature  of  the  interaction.  The  values 

for  CH_,S  and  C„H,-S  radicals,  derived  from  the  simulations, 

3  2  b 

are  approximately  two  orders  of  magnitude  lower  than 
those  for  hydrogen  atoms  and  this  may  be  due  to  delocal¬ 
ization  of  the  unpaired  orbital.  The  data  available 
to  date  indicate  that  CH^  radical  attack  at  the  sulfur 
atom  of  organosulfur  molecules  is  very  slow:  The  most 
reasonable  explanation  for  this  is  a  thermochemical  one, 
i.e.,  the  new  C-S  bond  formed  in  the  CH^  +  CH^SSCH^  reaction 
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is  considerably  weaker  than  the  S-H  bond  formed  in  the 
H  +  CH^SSCH^  reaction,  thus  lowering  the  exothermic ity. 

The  present  results  provide  a  rationale  for  the  well 
documented  observation  that  hydrodesulfurization  of 
petroleums  produces  large  quantities  of  volatile,  sulfur- 
containing  material.  It  is  hoped  that  future  studies 
will  be  directed  towards  the  elucidation  of  the  reactions 
of  hydrogen  atoms  with  thiophenic  substrates  in  order  to 
set  up  a  suitable  data  base  for  computer  simulation  of 
this  vital  yet  little  understood  process. 
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APPENDIX  A 


Competitive  Quenching  Correction 

When  mercury  photosensitization  experiments  are 
carried  out  in  the  presence  of  more  than  one  substrate, 
the  amount  of  quenching  by  each  substrate  can  be  readily 
calculated,  as  shown  in  the  following  example  for  the 
112^2^  case. 

From  simple  collision  theory,  the  quenching  rate 
constants  for  the  quenching  of  and  C2H4  are: 


8ttRT 


(V\\ 

Vn»,"»2  j 


1/2 


1 


and  k 

C2H4 


a 


C2H4 


8ttRT 


/MHg+MC2H4 

\  MHgMc2H4 


1/2 


II 


2 

where  a  is  the  collision  cross-section,  M  the  molecular 
weight,  and  the  other  terms  have  their  usual  significance. 
Dividing  equation  I  by  II,  we  have 
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^2^4 


C2H4 


M  /M  +  M 

UC2H4  /  Hg  H. 


M. 


H. 


M  +M 
Hg  C2H4 


1/2 


Consider  the  following  reactions: 

\ 

Hg*  +  H2  - ►  HgH  +  H 


III 


(1) 


177 


. 


178  . 


Hg*  +  C0H 


"C2H4 


2  4 


-►  (C2H4)*  +  Hg 


(2) 


The  rate  expressions  for  reactions  (1)  and  (2)  are 


RateHg+H2  =  kH2[H9*l  'V 


IV 


Rate 


Hg+c2H4 


kC2H4[H^  ][W 
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Dividing  IV  by  V,  we  have 


Rate 


Hg+H, 


Rate 


Hg+c2H4 


'H2[H2] 
:C2H4  CC2H4] 


VI 


Hence , 


kH2  [H2] 
:c2h4[c2h4i 


H. 


o  2 
C2H4 


’  M  /M  +M 
C2h4/  Hg  H. 


-,1/2 


M  +M 

H2  \H9  C2H4, 


[h2] 

[c2h4] 


VII 


In  the  present  study  [H2]  =  580  Torr,  [C2H4]  =  30  Torr; 

and  since  o„  2  =  10  A2,116  o„  „  2  =  26  A2,117  M„  =  2  and 
H2  C2H4  H2 

M  =28,  equation  VII  becomes 

C2H4 


10 

26 


'28  ,202 
2  228 


1/2  580 

X  -TT7T-  =  26 


30 


Therefore  the  percentage  quenching  by  H2  is 


179. 


kR^  [H2 ]  [Hg*] 


kH  [H]  [Hg*]  +  kc  H  [C2H4]  [Hg*] 
2  2  4 


X  100 


kH2[H2! 


%[H2]  +  kC2H4[C2H4] 


X  100  = 


1.038 


X  100  =  96.3% 


For  all  the  systems  examined  in  the  present  study, 
the  maximum  total  pressures  of  sulfide  or  sulfide  +  ethylene 

were  30  Torr  and  the  hydrogen  pressure  was  always  580  Torr. 

2  °2  87  2 

For  CH^SCH^  a  =  49.3  A  and  the  a  values  for 

C2H5SC2H5,  CH^SSCH^  and  C^H^SSC^H^  are  probably  not  too 

different.  Hence  it  is  concluded  that  >.  95%  of  the 

excited  mercury  atoms  are  quenched  by  H2 . 
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APPENDIX  B 


Mass  Spectral  Data 


Ethyltrif luoromethyl sulfide 


m/e 

Relative 

Intensity 

Tentative 

Assignment 

28 

15.9 

C2H4  + 

29 

74.3 

C2H5+ 

41 

2.8 

C3H5+ 

42 

8.2 

C3H6+ 

43 

100 

CH2CH2CH3+ 

44 

4.5 

cs+ 

45 

18.5 

CHS  + 

57 

4.3 

C4H9+ 

58 

28.3 

+ 

o 

1 — 1 
K 

U 

59 

13.4 

C2H3S+ 

60 

13.2 

CH3CHS+ 

61 

6.3 

CH3CH2S+ 

69 

13.6 

CF  + 
c  3 

115 

8.2 

CH2SCF3+ 

130 

17 . 9 

CH3CH2SCF3+ 

180 


181. 


4 , 5-dimethyl-3 

, 6-dithia-octane 

(DMDTO) 

m/e 

Relative 

Intensity 

Tentative 

Assignment 

29 

27.2 

C2H5+ 

41 

14.2 

C3H5  + 

45 

10.4 

CHS  + 

57 

13.4 

c2hs+ 

59 

18.8 

c2h3s+ 

60 

14.4 

C2H4S+ 

61 

50.7 

C2H5S+ 

75 

38.7 

CH2SC2H5+ 

89 

100 

CH3CHSC2H5+ 

117 

37.2 

CH3CHC (CH3) hsc2h 

178 

21.0 

C0HcSCH-CHSC0Ht:  + 
2  5  |  v  2  5 

ch3  ch3 


APPENDIX  C 


Kinetic  Treatment  of  the  H  +  +  C^H^SSC^H^  System 

The  mercury  photosensitized  decomposition  of  580  Torr 
hydrogen  in  the  presence  of  5  Torr  C^Hj-SSC^H^  yields 
C2H(_SH  as  the  only  retrievable  reaction  product.  In  the 
presence  of  increasing  amounts  of  ethylene  at  any  given 
temperature,  it  has  been  shown  that  c(>(C2H,-SH)  decreases 
with  increasing  pressure  of  ,  owing  to  the  competitive 

scavenging  of  H  atoms  by  C2H^. 

The  following  kinetic  scheme  was  used  to  analyze 


the  data: 

Hg  +  hv  - ►  Hg*  (a) 

Hg*  +  H2  - ►  2H  -  (b) 

H  +  C~HcSSC0Hc - ►  C0HcSH  +  SC-H.  (1) 

2525  25  25 

2C2H5S  - ►  C2H5SH  +  c2H4S  (2a) 

- ►  C0H  t-SSC^H (2b) 

2  5  2  5 

C~HcS  +  C0H,SSC0Hc  - ►  C0HcSH  +  CH.CHSSC^H,.  (3) 

2  5  2525  25  3  25 

H  +  C2H4  - -C2H5  (4) 


In  the  unscavenged  system,  C2H^SH  is  assumed  to  be 
formed  exclusively  via  steps  (1),  (2a)  and  (3),  hence 

the  following  steady  state  equations  apply: 
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'%  * 
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• 

183. 


<J>°(H)  =  <})0(C2H5S)  =  2(f>  °  (2a)  +  2<J)°(2b)  +  cf>°  (3)  =  2.0  I 

<f>°(D  +  <J)°(2a)  +  <*>°  ( 3)  =  <f>°  (C-H^SH).  .  n  II 

l  b  total 

The  rate  expressions  in  the  absence  and  presence  of 
C2H4  are: 


21 


a 


21 


a 


=  kx [H] ° [C2H5SSC2H5] 

“  2k2a[C2H5S]°2 
=  k3 [C2H5S] ° [C2H5SSC2H5] 

=  kx  [H]  [C2H5SSC2H5] 

“  2k2a[C2H5S]2 
=  k3[C2H5S] [C2H5SSC2H5] 

=  k± [H] °  [C2H5SSC2H5] 

=  kx [H] [C2H5SSC2H5]  +  k4[H][C2H4] 


III 

IV 

V 

VI 

VII 

VIII 

IX 

X 


where  R°  and  R  are  the  rates  in  the  absence  and  presence 
of  C2H4  respectively.  Dividing  R°  by  the  corresponding 
R  and  assuming  that  [H]  =  [C^H^S]  and  [H]  °  =  [C^H^S]0, 

we  obtain  the  following  expressions: 


RJ  [H] ° 
Rx  [H] 
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XI 


XII 
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184  . 


R°  [H]° 

—  =  -  XIII 

R3  [H] 

Substituting  for  the  values  of  [H] °  and  [H]  from  Equations 
IX  and  X, 


4>°  (1) 

4>  (1) 


1  + 


VW 

kx  [C2H5SSC2H5] 


4>°  (2a)  _  j  i  ,  k4  [C2H4] 

4>  (2a)  |  ki  [C2H5SSC2H5] 


XIV 


XV 


and  <f>°  (3) 
<f>  (3) 


1  + 


Vc2h4] 
ki  [c2h5ssc2h5] 


XVI 


where  4> 0  and  (f>  are  the  quantum  yields  in  the  absence  and 
presence  of  C2H4.  Assuming  that  Equation  II  also  applies 
in  the  presence  of  C2H4 ,  i.e., 

(f)(1)  +  <f>  (2a)  +  of)  (3a)  =  (J>  (C2H5SH)  tQtal  XVII 

and  substituting  for  the  values  of  (f)(1),  (f)(2a)  and  (f)(3), 
derived  from  Equations  XIV,  XV,  and  XVI  respectively,  in 
Equation  XVII,  we  have 


4>°  (1)  ^  <P°  (2a)  <f>°  (3)  _ 


+ 


=  *<C2H5SH) total 


XVIII 


where  f  =  1  +  k4  [C2H4  ] /k][  [C2H5SSC2H5]  ,  i.e.,  f  is  the 
suppressing  effect  of  added  C2H4  on  the  quantum  yields. 


By  using  Equation  XVIII,  f  can  be  determined  by  iteration, 


and  therefore, 
in  Table  XVII, 


the  values  of  ( 1 )  ,  <})(2a)  and  ( 3 )  ,  listed 
can  be  calculated. 


